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been included in the following order. The first paper. ""Pressureless Sintering of CarbonCoated Zirconium Diboride Powders," was published in Materials Science and
Engineering: A in June 2007 in Volume 459 Issue 1-2 pages 167-171. The second paper,

"'Pressureless Sintering of Zirconium Diboride Using Boron Carbide and Carbon
Additions," was published in the Journal ofthe American Ceramic Society in November
2007 in Volume 90 Issue 11 pages 3660-3663. The third paper, ""Enhanced Densification
and Mechanical Properties of ZrB 2 -SiC Processed by a Preceramic Polymer Coating
Route.'' was published in Scripta Materialia in July 2008 in Volume 59 Issue 1 pages
123-126. The fourth paper. "'Influence of Silicon Carbide Particle Size on the
Microstructure and Mechanical Properties of Zirconium Diboride-Silicon Carbide
Composites," was published in the Journal
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European Ceramic Society in March

2007 in Volume 27 Issue 4 pages 2077-2083. The fifth paper, "Elevated Temperature
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the Journal (?{the European Ceramic Society.
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listed in the appendix. This paper, entitled ··Microwave Sintering of ZrB2-B4C
Particulate Ceramic Composite'·, was published in Composites Part A: Applied Science
and ManU;facturing in March 2008 in Volume 39 Issue 3 pages 449-453.
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ABSTRACT
The first part ofthis dissertation was aimed at studying the densification ofZrB 2
ceramics by pressureless sintering techniques. Various processes have been applied to
coat ZrB 2 powders with polymer precursors, which were used to produce C after charring.
After sintering at 1900°C, relative density increased

from~ 70%

for uncoated ZrB 2 to

>99% for ZrB 2 coated with at least 1.0 wt% C. Thennodynamic analysis suggested that
C reacted with and removed oxide impurities (Zr0 2 and 8 2 0

3)

that were present on the

ZrB 2 particle surfaces, which promoted densification by minimizing grain coarsening.
To better control the microstructure of sintered ZrB 2 ceramics, a combination of 2 wt%
B 4 C and 1 wt% C (in the form of phenolic resin) was adopted as sintcring additives.
Dense ZrB 2 ceramics with fine equiaxed grains (~4
J..UTI

J..UTI)

were obtained after sintering

~2

starting ZrB 2 power at 1900°C. Finally, polycarbosilane (PCS) was used to coat the

ZrB 2 powder to obtain a ZrB 2 -SiC composite by pressureless sintering. SiC particulates
were formed in situ by PCS pyrolysis. The particles were distributed unifonnly in the
microstructure and were found to effectively control the growth of the matrix ZrB 2 grains.
Room temperature mechanical properties, including Vickers' hardness, Young· s
modulus, t1exural strength and fracture toughness, of ZrB 2 -based ceramics and
composites have been investigated and correlated to the microstructural characteristics,
such as grain size, porosity, and secondary phases. Flexural strengths and Young's
moduli of ZrB 2 ceramics were tested from room temperature up to 1500°C. Removal of
unfavorable secondary phases, and the production of more refractory grain boundaries,
should be promising ways to increase the elevated temperature strength of ZrB2 ceramics.
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1. PURPOSE OF THIS DISSERTATION

The mam purpose of this Ph.D. research has been to study the relationships
among densification, microstructure and mechanical properties of zirconium diboride
(ZrB2) ceramtcs.

ZrB2 belongs to the family of materials known as ultra-high

temperature ceramics (UHTCs), which refer to a group of boride, carbide, and nitride
ceramic materials with melting points above 3000°C and with other properties that make
them candidates for use at temperatures in excess of 1600°C. Zr8 2 has been reported to
have an ultra-high melting point (3245°C), as well as a high hardness ( ~20 G Pa), high
strength (~500 MPa), high Young's modulus (~500 GPa), high thermal conductivity (>60
W/(m·K)), high electrical conductivity (~10 7 S/m), and corrosion resistance to molten
metals. 1
Zr8 2 based UHTCs with appropriate compositions are attractive materials for
high temperature engineering applications because of their combination of high melting
point, high strength and hardness, high thermal and electrical conductivity, thermal shock
resistance, and chemical stability. 1- 4 Despite these attractive properties and proposed
applications, difficulties in densification as well as high processing costs of ZrB 2 based
UHTC components remain challenges.

Due to its strong covalent bonding and the

presence of surface oxide impurities, sintering of ZrB 2 based compositions to near
theoretical density is difficult.

In addition to densification, mechanical properties,

especially at elevated temperatures, are of critical importance to the applications of Zr8 2
based ceramics.
The initial intent of the present research was to density Zr8 2 ceramics to nearly
full density by cost-effective pressureless sintering processes. Then, the microstructural
characteristics, such as grain size and distribution of secondary phases, were examined as
a function of processing conditions.

Further, the mechanical properties of densified

ceramics were tested at both room and elevated temperatures to study the influences of
microstructure on mechanical properties of Zr8 2 based ceramics.
Compared to nominally monolithic Zr8 2 ceramics, significant improvements m
the mechanical properties and oxidation resistance have been reported for the composites
of ZrB 2 containing SiC particulate additions. 5 The processing and mechanical properties

2

of Zr82-SiC composites are, therefore, of particular interest in the present research. The
microstructure of these composite ceramics is characterized and related to their
mechanical behavior to elucidate the microstructure-mechanical property relationships in
these materials.
The overall purpose of this Ph.D. research is to study the densification and
mechanical properties of ZrB2 based ceramics, and to bridge these two aspects with
microstructure analysis.

The development of cost-effective processing methods and

increased understanding of the processing-microstructure-property relationships of these
materials is of great interest and importance to promote future studies and the ultimate
engineering applications of ZrB2 based ceramics.

3
2. BACKGROUND

Some of the most detailed work on UHTCs was performed in the 1960's by
ManLabs Inc. (Cambridge, MA). The initial work on these materials was driven by the
need for high temperature materials that would enable the development of maneuverable
hypersonic flight vehicles with sharp leading edges. The relatively good oxidation
resistance of refractory diboride compounds, compared to other refractory intennetallic
compounds (i.e. carbides, nitrides and silicides), has focused many research efforts into
the investigations of transition metal diborides of groups IV and V (Ti, Zr, Hf, Nb, Ta).
Ofthe transition metal diborides, HfB 2 and Zr8 2 were identified as the most promising
candidates for high temperature applications such as nose caps, sharp leading edges,
vanes and similar objects for use in high velocity flight or on future generations of
reentry vehicles. 4
Since the late 1990's, the research on UHTCs has been rejuvenated due to the
increased interest in their uses as thermal protection systems in hypersonic vehicles. In
addition, other emerging applications of transition metal diborides, especially Zr8 2 , also
led to increased research efTorts. Attributed to the unique properties of Zr8 2 , it has been
proposed for a wide range of applications, such as thermal protection systems for
hypersonic flight vehicles, molten metal crucibles, high temperature electrodes, cutting
tools, semiconductor device substrates, etc. 1
The purpose of this section is to provide an overview of recent research progress
in the study of Zr8 2 based UHTCs. First, the crystal structure, physical and chemical
properties, and applications of Zr8 2 are briefly described. Then, sintering mechanisms
and techniques for the densification of Zr8 2 based ceramics are discussed in detail. Last,
mechanical properties and oxidation behavior ofthese materials are examined and
discussed.
2.1. CRYSTAL STRUCTURE AND PROPERTIES

Zr8 2 has the Al8 2 crystal structure. The crystal structure of AlB2-type transition
metal diborides is designated as C32 with the space group symmetry P6/mmm. 6 Figure
2.1 shows projections of the Al8 2 -type crystal structure. 1

It is a hexagonal lattice in

4
which close-packed Zr layers alternate with graphite-like B layers in the sequence of
ABAB ....

Top

y

f; x

z

Active

l-v
X

e
.

Front

y

lL

Boron

Metal

Right
X

•

Figure 2.1. Projections of AlB2-type crystal structure. 1
As shown in Figure 2.1, in the ZrB 2 crystal structure, the boron atoms lie on the
comers of hexagons with three nearest neighbor boron atoms in each plane.

The Zr

atoms lie directly in the centers of each boron hexagon, and in the middle of two adjacent
boron layers; each Zr atom has 12 nearest neighbor B atoms, and 6 nearest neighbor Zr
atoms. By choosing appropriate primitive lattice vectors, the atoms are positioned at Zr
(0, 0, 0), B (1/3, 2/3, 1/2), and B (2/3, 1/3, 1/2) in the unit cell. The bonding within the
basal plane is provided by the strong B-B bonds within the boron layer and Zr-Zr bonds
in the close packed metal layer, whereas the cohesive forces in the c direction are
contributed mainly by Zr-B bonds.

This crystal structure leads to a combination of

metallic, covalent, and ionic bonding that simultaneously contributes to the total cohesive
energy of ZrB 2 •

Specifically, strong covalent bonding exists between boron atoms,

5
metallic and covalent bonding between Zr atoms, and ionic and covalent bonding
between Zr and B atoms. 1•6 •7
Due to the anisotropic nature of ZrB 2 crystal structure, rnany of its physical and
The Vickers' rnicrohardness of ZrB 2 single

mechanical properties are anisotropic.

crystals was measured by Xuan et al. 8 in the temperature range from 25°C to l000°C. As
the temperature increased from 25°C to 1000°C, the hardness dropped from
for all planes to
planes.

~7.9

GPa for the (0001) plane and

~4.9

~20.9

GPa

GPa for (1010) and (1120)

The hardness of the ( 10 10 ) and ( 112 0 ) planes exhibited almost the same

tendency over the test temperature range and was always lower than that of the (000 I)
plane by about 35%. This result was considered to be correlated with the number and
angle of slip plane systems.
Okamoto et al. obtained the elastic constants of single crystal ZrB 2 frorn room
temperature to 1400°C by a rectangular parallelepiped resonance method.Y While C 12 is
below 100 GPa, C 3 3 is above 400 GPa, and C 11 is greater than 500 GPa. These elastic
constants also exhibit different trends in terms of temperature dependence. While Cu,
C 33 , and C 44 decrease with increasing temperature, C 12 and C 13 seem to be independent of
temperature change up to 1400°C.
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Figure 2.2. Five independent single-crystal elastic constants of ZrB2 plotted as a function
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of temperature.
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The coefficient of thermal expansion (CTE) of ZrB 2 along the a direction (aa) is
6.66 X 10-6 K- 1, while that along the c direction it (ac) is 6.93 X 10-6 K- 1• 9 The similar
values along the a and c axes indicate very little anisotropy in CTE along different
crystallographic directions. This is somewhat surprising considering the hexagonal
crystal structure of ZrBz, in which pure Zr and pure B atomic planes stack alternately
along the c-axis. The reason for the nearly isotropic thermal expansion behavior is still
unknown. Because of the random orientation of grains in the microstructure.
polycrystalline ZrBz ceramics generally do not exhibit anisotropic properties like the
single crystal.

2.2. APPLICATIONS FOR ZIRCONIUM DIBORIDE
Attributed to the ultra-high melting point and the combination of mechanical.
chemical, thermal, and electrical properties, ZrBz has been proposed for a variety of
engineering applications.
Single crystal ZrBz is used as a substrate for heteroepitaxial growth of GaN
because of their small lattice mismatch. The c-plane (0001) lattice constant of ZrBz is a
=

3.169

A, which is within

1% of that ofGaN, a= 3.189

A. 10

The near match in lattice

parameters has resulted in improved crystal quality forGaN grown on ZrBz compared to
6H-SiC 11 or sapphire 12 , which have been the most common substrates to date. 9
Polycrystalline Zr8 2 ceramics, usually made into composites with SiC particulate
additions, are one of the most promising materials for thennal protection system (TPS)
applications, such as the nose tip and sharp leading edges on hypersonic flight vehicles.
The potential advantages of using Zr8 2 based UHTCs in TPS applications have been the
major driving force for intensive research on these materials since the late 1990s.
Owing to its ultra-high melting point (3245°C), ZrB 2 is more refractory than SiC -coated
carbon-carbon composites, which are presently used as thermostructural materials on
flight vehicles, and could, therefore. offer the advantage of achieving faster flight speed
by the design of sharp leading edges and nose cones with ZrBz based composites. An
example of a nose cone prototyPe made ofZrBz-SiC composite is shown in Figure 2.3.
Figure 2.4 shows a sharp leading edge prototype fabricated from ZrBz-SiC composite.
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12 em

Figure 2.3. A nose cone prototype made of ZrB 2 -SiC composite. 13

Figure 2.4. Sharp leading edge prototype made of ZrB 2-SiC composite. 14
ZrB 2 has been used as refractory lining materials and molten metal crucibles
because of its corrosion resistance to the attack of molten metals. 15 ' 16 The high hardness
makes ZrB 2 attractive for cutting tools applications. 17 Owing to its electrical conductivity,
ZrB 2 also finds applications as a high temperature electrodes for aluminum electrolysis
and electric discharge machining (EDM). 18 •19
Successful engineering applications of ZrB 2 ceramics require processing of ZrB 2
ceramics to near theoretical density. Therefore, the development of cost-effective
processing methods of ZrB 2 ceramics is of critical importance. In the next section,
fundamentals of the ZrB 2 densification processes will be discussed, and various
techniques for the consolidation of ZrB2 ceramics will be examined.

2.3. SINTERING OF ZIRCONIUM DIBORIDE
In this section, the reasons for the intrinsic low sinterability of ZrB 2 are analyzed.
Based on the discussion ofthe sintering mechanisms, practical ways to improve the
densification of ZrB2 are described. Then, recent progress on the densification of ZrB 2
using various methods such as pressureless sintering, hot pressing, and spark plasma
sintering is reviewed.

2.3.1. Basis of ZrB 2 Sintering
To control the sintering processes and achieve densification of ZrB 2 , an
understanding of its fundamental sintering mechanisms and processes is necessary. This
section starts with the discussion of sintering mechanisms and driving force that could
affect the densification behavior of Zr8 2 , followed by an examination of its sintering
barriers. Then, recent progress in promoting the densification of Zr8 2 is described.
Finally, sintering of ZrB 2 in the presence of secondary phase particles is analyzed in
tenns of their influences on the densitication behavior and microstructure evolution of
Zr8 2 ceramics.

2.3.1.1. Sintering Mechanisms and Driving Force
In the fabrication of polycrystalline ceramics from powders, sintering is a process
that changes the microstructure and/or relative density of the powder compacts by
applying thermal energy. Since the final microstructure ofpolycrystalline ceramics can
vary significantly depending on the sintering procedures used, it is, therefore, important
to adopt appropriate process parameters (e.g., sintering aids, temperature, external
pressure, etc.) to control composition and microstructure of sintered ceramics to obtain
desired properties. Traditionally, ZrB 2 powders were considered to be difficult to sinter
to high relative density. Understanding the basis of sintering and the characteristics of
ZrB 2 powders will help to identify the controlling factors in sintering, and to control the

sintering parameters to obtain a desired microstructure in sintered ceramics.
The driving force for sintering of a ceramic powder compact is the reduction of
the total surface (interfacial) energy, which can be expressed as yA. where y is the
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specific surface (interfacial) energy and A the total surface area of the compact. The
reduction of the total energy is expressed as 20 :
6(yA) = 6yA + yM

(I)

In the sintering process, the specific surface (interface) energy can be lowered
(fly) due to the replacement of solid/vapor interfaces by either solid/solid interfaces (in

solid state sintering) or solid/liquid interfaces (in liquid phase sintering). The second part
of Equation (1) shows the contribution of the decrease of surface (interface) area ( M) in
the reduction of total surface (interface) energy. While the first part of Equation ( 1)
occurs by densification, the second part happens via coarsening (grain growth without
densification). As shown schematically in Figure 2.5, the reduction in total interfacial
energy can be achieved by densification, coarsening, or a combination of the two. To
fabricate dense and fine-grained ceramics, processing strategies should be taken to
promote densification and minimize coarsening in the sintering process. It is, therefore,
necessary to discuss the mechanisms of sintering.

,'\J'A

_.........,...._._ _ _ _, Densification

i'-"A
Coarsening

'

/\(;'A)
"""and
Densification
coarsening

""',

Figure 2.5. Basic phenomena occurring during sintering under the driving force to
reduce total surface (interfacial) energy. 20
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At least six distinct mechanisms lead to sintering in polycrystalline materials. 2 1. 22
Figure 2.6. shows schematically different sintering mechanisms in a system of three
particles. Among the above six mechanisms, ( 1)- (3) lead to neck growth and grain
growth by surface mass transport. That is, these processes do not result in shrinkage of
the compact or a decrease in fraction of porosity, and, therefore, are referred to as
nondensifiying mechanisms. Mechanisms (4) and (5) allow mass transport from grain
boundaries to necks, which leads to neck growth and a decrease in the distance between
particle centers. These processes cause shrinkage of the powder compact and pore
elimination, and are considered densifiying mechanisms. Plastic flow by dislocation
motion (mechanism (6)) also leads to densification but is more common in the sintering
of metal powders, in which dislocation motion is much easier than in ceramics. However,
dislocation motion could be an active sintering mechanism in pressure-assisted sintering
processes such as hot pressing.

Grain boundary
1. Surface dilfW!ion
2. Lattice diffusion {from lhe
surf::~r.A)

3. Vapor transport

4. Grain boundary diffusion
5. Lattice diffusion {from the
grain oounoary)
6. P·astlc now

Figure 2.6. Six different mechanisms that can contribute to the sintering of a
consolidated mass of crystalline particles. 22
The intrinsic driving force for the mass transport in ceramic sintering is the
difference in chemical potential between different regions of the powder compact. From
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the kinetics point ofview, mass transport can be analyzed as the flux of atoms or
vacancies driven by gradients in the chemical potential. Depending on the sintering
conditions used, chemical potential differences could arise from gradients in the activity
(for solid or liquid) or fugacity (for gas) of species, temperature, stress, other physical
fields (e.g. electric or magnetic field), or curvature of the particle surfaces.

2.3.1.2. Sintering Barriers
Densification of ZrB 2 powders without sintering additives or external pressures
has been reported to be difficult. 1 The experimental results in the present study indicate
limited densification of a commercially available ZrB 2 powder (d 50

~

2.0/-lm, Grade B,

H.C. Starck, Karlsruhe, Germany) after sintering in the temperature range of I80021 00°C. As shown in Figure 2. 7, minimum densification was observed up to 2000°C,
and less than 80% relative density was achieved after sintering at 21 oooc. In addition to
the strong covalent bonds and low lattice and grain boundary diffusion coefficients of
Zr8 2 , other reasons may have resulted in the low sinterability of ZrBz powder.
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Figure 2. 7. Relative density of ZrBz sintered in the temperature range of 1800 - 2I oooc.
Although the sintering mechanism of ZrBz has not been firmly established, the
presence of oxygen impurities in the starting powder is believed to be critical in the
densitication and microstructure evolution of ZrBz ceramics. 23 As with other boron
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containing ceramic powders (e.g. 8 4C 24 ·25 , Ti8 2 26 ), Zr8 2 powder has a ubiquitous surface
layer containing oxide impurities. Thermodynamic analysis shows that when Zr8 2 is
exposed to air, oxidation to Zr02 and 8 20 3 is thermodynamically favored:

(2)
The standard Gibbs' free energy change of the above reaction at 10 5 Pa and 25°C
is -3,837.4 kJ, which indicates the high thermodynamic driving force for the oxidation
reaction. On the other hand, in terms of the reaction kinetics, the rate of Zr8 2 oxidation
at room temperature becomes significantly limited after an oxide layer is fonned on the
powder surface. The oxide layer inhibits further inward diffusion of oxygen. As a result,
a thin layer of oxide composed of mainly Zr02 and B20 3 generally exists on the surface
of Zr8 2 powders. It is worth mentioning that 8203 can readily absorb atmospheric
moisture at room temperature, likely forming orthoboric acid (H 380 3), which dehydrates
with heating, and converts back to 8 203. 25
When Zr8 2 powder is heated to elevated temperatures (above 1000°C), Zr0 2 and
8 20 3, along with other surface impurities, would form a liquid phase on the surface of
Zr8 2 particles. At intermediate temperatures (-1300- 1700°C), before the densification
is triggered by significant grain boundary diffusion, the presence of the liquid phase may
provide rapid diffusion path along particle surfaces, facilitating coarsening. Coarsening
is associated with grain growth and pore growth, and also results in a lower driving force
for densification due to reduced surface area of the powder compact. Figure 2.8 is a
schematic illustration showing the coarsening of Zr82 grains due to the presence of
surface oxygen impurities. The oxygen impurities could promote surface mass transfer
by surface diffusion and/or vapor transport. When coarsening happens, large particles
grow at the expense of surrounding small particles.
The driving force ofthe growth oflarge particles at the expense of small particles
during the coarsening process is the difference between chemical potentials on their
surfaces. Assuming that the surface oxides could melt to form a continuous liquid film at
elevated temperatures, atoms of zirconium and boron could dissolve into this liquid phase
in which mass transport could happen. Because the surface curvature of small particles is
higher than that oflarge particles, the solubility of Zr82 on the curved surface of small
particles is higher than that on large particles. Thus, the chemical potential of an atom on
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the surface of small particles is higher than that on large particles. The chemical potential
gradient will drive mass transport from small particles to large particles until the small
particles disappear or the surface curvatures become equal.

coarsening

oxide layer
Figure 2.8. Coarsening of ZrB 2 particles due to the presence of surface oxide impurities.

Another mechanism that could lead to coarsening is vapor transport. The
evaporation-condensation process of gaseous oxide species could decrease the curvature
differences on the powder surfaces, which will lower the driving force for densification.
At high temperatures, grain coarsening by surface mass transport and grain
boundary diffusion are two competitive processes. To achieve full densification, the
grain boundary diffusion mechanism should be activated to be the dominant mass
transport process over the surface mass transport processes. Practically, rapid heating is
usually used to minimize coarsening in the temperature range before the densification
mechanisms become active.
As discussed above, coarsening does not lead to a decrease in the distance
between particle centers, and therefore is not a densifying process. To sinter ZrB 2 to full
density, it is necessary to minimize coarsening and promote the densifying sintering
mechanisms, which are associated with diffusion from grains or grain boundaries to
necks. From the processing point of view, strategies should be taken to minimize both
surface diffusion induced by oxygen impurities and vapor transport b y evaporationcondensation. For example, a typical ZrB2 sintering curve used in this study is shown in
Figure 2.9. Below 1600°C, isothermal holds are used in combination with mild vacuum
(- 20 Pa) to remove B 20 3 from the surface of ZrB2 particles to avoid the formation of
surface liquid phases. Reduced pressure favors the vaporization and/or decomposition of
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B203 liquid during the isothermal holds. Above 1600°C, a fast ramp rate (30 - 50°C/min)
is used to heat the materials to the final sintering temperature to trigger rapid grain
boundary diffusion for densification. Fast heating minimizes the amount of time that the
powder compact is in the temperature range where coarsening could be active. In a study
on the sintering of B4C, Lee and Speyer found that rapid heating through temperature
ranges in which coarsening occurred fostered increased densities of the sintered
ceramics. 25
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Figure 2.9. A typical sintering curve of ZrB2.

2.2.2.3. Sintering with Secondary Phase Particle Inclusions
In the sintering of ceramics, grain growth is accompanied by the migration of
grain boundaries toward their center of curvature, which is driven by the free energy
difference across a curved grain boundary. This free energy difference is given by-2 1
- 1 1
L\G:::: yV(-+-)
'i Yz
where f).G is the change of free energy across the curved grain boundary, y is the
boundary energy, V is the molar volume, and 'i and r2 are the principal radii of
curvature. Curvature is defined as the reciprocal of radius. Therefore, Equation (3)

(3)
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indicates that the driving force of grain boundary movement is proportional to boundary
energy and curvature.
When there are second-phase particle inclusions in powders that are being
sintered, the growth ofmatrix grains is usually slowed or stopped. This pinning effect
has been widely reported in the literature for both oxide and non-oxide ceramics. 27 -29 The
classic work on the quantitative analysis of this effect was done by Zener in 1948, 30
which is also why this effect is known as the Zener pinning effect. The particle inclusion
pinning effect is illustrated in Figure 2. 10, which shows that the grain boundary first
approaches, then gets attached to, and finally breaks away from a spherical second-phase
particle. The retarding force exerted by particle inclusion on moving boundaries is
derived from the increased energy required to pull the boundary away from the inclusion.
In addition, when a particle inclusion is present on a grain boundary, the boundary
curvature becomes decreased, which lowers the driving force for bJfain boundary
movement as indicated by Equation (3). Another reason for reduced boundary mobility
is the reduction in grain boundary area and, thus, grain boundary energy, due to the
presence of a particle on a boundary.

)

)

Figure 2.1 0. Grain boundary configuration distorted while passing a second phase
spherical particle inclusion.
If the retarding force exerted by a particle inclusion equals the driving force for
grain boundary migration, the bJfain b1fowth stops. The grain size at the above critical
condition is defined as the limiting grain size, which is expressed by Zener equation: 30
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(4)

G = 4r
L

3f

where G L is the limiting grain size, r is the particle size of the inclusion, and

f is the

volume fraction of inclusions. The Zener equation indicates that the effectiveness of
inclusions increases as their particle size is smaller and the volume fraction is higher.
However, Zener's model only applies to systems that contain monosized,
spherical, insoluble, immobile particles and considers the retarding force exerted by these
particles on rigidly moving boundaries. 30 In reality, the particle inclusions can either: (1)
move along with boundaries, offering little retarding force; (2) move along with
boundaries, with the inclusion mobility controlling the boundary velocity; or (3) be
immobile, as described in Zener's model. For the first two scenarios, the driving force
for grain growth diminishes as grains grow larger. Meanwhile, the inclusion particles
agglomerate and grow in size, which lowers their mobility. In the present work, growth
ofboth ZrB 2 grains and carbon inclusions has been observed as the sintering temperature
increases from 1900 to 21 00°C. As shown in Figure 2.11, dispersed residual carbon on
ZrB 2 grain boundaries becomes agglomerations in triple junctions due to significant grain
growth after sintering at 21 00°C.

Figure 2.11. SEM micrographs of ZrB 2 ceramics sintered from - 0.5 f-Lm ZrB2 powder
with 1.7 wt% carbon addition: (a) sintered at 1900°C, (b) sintered at 2100°C. 3 1
After u sing a combination of carbon and boron carbide (B4C) additions for the
sintering of ZrB 2, coarse (--2 J-Lm) starting powder was sintered to near full density with
grains growing to only 2 - 3 times their initial size. Figure 2.12 shows residual B4C
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particles in the sintered ZrB 2 ceramics. Enhanced densification and inhibited grain
growth indicates the beneficial effects of combined C and B 4C inclusions on the pinning
of ZrB2 grain growth.

Figure 2.12. SEM image of 1900°C sintered ZrB 2 ceramics from - 2 J.tm ZrB 2 powder
with combined 1 wt% C and 2 wt% B4C addition. The grey phase is ZrB 2, the dark phase
is B4C, and the residual carbon is not discernible. 32
Due to the complexity of inclusion-boundary interactions in different material
systems, the exact way in which second-phase particle inclusions inhibit grain growth not
only depends on the properties of the particular system but also can easily change during
the grain

gro~h

process. Sorting out these effects requires a careful evaluation of the

microstructure evolution in combination with the kinetics of grain growth and detailed
knowledge of system properties. 21 Even though it was general, the above analysis still
provides insights into the pinning effect of particulate inclusions on the grain growth and
microstructure control of ceramics.

2.3.2. Sintering Methods
Densification of ZrB2, without additives, typically requires hot pressing at 210023000C due to its strong covalent bonding and the presence of surface oxide
impurities. 1·33 Consolidating ceramics by applying external pressures at temperatures
above 2000°C, is costly. The low grain boundary diffusivity limits the densification of
ZrB2 ceramics at relatively low temperatures. On the other hand, the presence of oxide
impurities (i.e. Zr02 and B203) on the surface of ZrB2 particles can cause grain
coarsening, which may lead to both the formation of porosity trapped within grains and
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remarkable grain growth and, therefore, limit the final densification. So, removal of
these oxide impurities is essential to enable complete densification of ZrB 2 and other
non-oxide ceramics. 26 Practically, sintering additives are generally adopted for the
densification of ZrBz to form liquid phases or to remove surface oxide impurities. This
section reviews recent progress in the densification of ZrB 2 ceramics by different
sintering methods. The densification mechanisms are discussed as well.

2.3.2.1. Conventional Sintering
Conventional sintering is referred to as a process in which green powder compacts
are densified by heating and without applying additional external forces. The apparatus
in which such densification process occurs is a furnace. A variety of furnaces are
available commercially for the control of heating schedule and atmosphere in the
sintering process. For sintering of non-oxide ceramics, such as ZrB 2 , graphite heating
element furnaces are usually used with vacuum or non-oxidative atmospheres at or above
2000°C to achieve densification of powder compacts.
Densification of ZrB 2 to near theoretical density without applying external forces
had been considered very difficult until recent progress was made in the last few years.
Mishra et al. 34 used Fe as sintering additive, and studied the sintering behavior of ZrB 2 .
A maximum relative density of ~93% was obtained when 10 wt% Fe was added. Liquid
phases containing Fe and Zr were found to enhance the sintering of ZrB2. Similar effects
of the formation of liquid phase by the addition of Fe to ZrB 2 were also reported in an
earlier study by Woo et al. 35 Sciti et al. 36 ' 37 found that the addition ofMoSi 2 could
substantially improve the densification of Zr8 2 during pressureless sintering. The role of
MoSi 2 was considered to be several-told. 36 First, MoSiz particles acted as secondary
phase inclusions to pin ZrB 2 grain growth. Second, MoSiz could fill the voids in the
porous ZrB 2 skeleton due to the ductility of MoSi2 at temperatures over 1000°C. 38 Third,
the presence of a surface silica layer on MoSiz particles could help particle rearrangement
during the initial stage of densification. Fourth, the surface silica on MoSiz particles
could form liquid phases through reactions with the surface oxides (i.e. Bz03 and Zr02)
on ZrB 2 particles. In addition to the above points that were discussed by Sciti et al.,
another factor of enhanced densification of ZrB2 with MoSiz additions could be related to
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the formation of ZrSh or other phases. Biswas et al. 39 used transmission electron
microscopy (TEM) to identify the formation ofTiSi 2 phase at triple points in TiB 2-MoSi 2
composites. The presence of the disilicide phase was found to contribute to the liquid
phase sintering of Ti8 2. A similar role for MoSi 2 can be expected when it is added to
Zr8 2. The ZrBz-ZrSiz system has a peritectic point at 1620°C as indicated in the Zr-Si
phase equilibrium diagram. 40 With additions of 20-40 vol% ZrSi 2, >99% relative density
was reported after pressureless sintering of Zr8 2 at 1650°C according to the study by Guo
et al. 41 At 1650°C, the formation of a liquid phase due to the presence of a large amount
of ZrSiz could have promoted the pressureless densification of Zr8 2 by liquid phase
sintering, although this point was not recognized by Guo et al.. Despite the increased
densification, the presence ofliquid phases will inevitably impair the high temperature
mechanical properties, such as strength and creep resistance. In contrast, solid state
sintering is more favorable for the pressureless sintering of Zr8 2 ceramics for high
temperature structural applications because it does not produce low melting point phases
in the microstructure.
Chamberlain et al. 42 reported the pressureless sintering of Zr8 2 that had been
attrition milled using WC media. The ZrBz powders were sintered to 98% ofthe
theoretical density at a high temperature (2150°C) for long isothermal hold time (540
min). Particle size refinement after attrition milling, the reactions between WC
inclusions and oxide impurities on the Zr8 2 particle surfaces were thought to contribute
to the densification of Zr8 2. As revealed by Zhang and Fahrenholtz and their co-workers,
the presence of a small amount ( 1-3 wt%) of oxygen impurities was the critical problem
that led to low sinterability of Zr8 2 powders. 23 A 3 The driving force for pressureless
sintering of Zr8 2 could be substantially decreased as a result of significant grain growth
caused by rapid surface diffusion via surface oxygen impurities, which could form liquid
phases at elevated temperatures. Zhang et al. 23 studied the effects of 8 4C additions on the
pressureless sintering of Zr8 2 , and achieved >98% relative density at temperatures as low
as 1850°C. The removal of Zr0 2 by its reaction with 84C additions was considered as
the reason for increased densitication:
(5)
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In addition to Zr02, another oxide impurity on the surface of Zr8 2 powder was 8 20

3.

Due to the high volatility of 8 20 3 and the mild vacuum (-20 Pa) employed for processing,
most ofthe 8 20 3 was presumably removed by evaporation during isothermal holds of the
furnace below 1650°C. 23
To achieve improved densification of Zr8 2 by pressureless sintering, a
combination ofthermodynamic analysis and kinetic considerations was adopted, and
processes based on coating Zr82 powders with polymer precursors have been developed
by Zhu and co-workers. 31.3 2·44 Based on the understanding that the low sinterability of
ZrB 2 is mainly caused by the presence of surface oxide impurities (i.e. Zr02 and B203),
carbon, in the form of phenolic resin, was used to coat the surfaces of ZrB 2 powder
particles as a sintering additive. After charring phenolic resin into carbon, the carbon
coatings were in direct contact with the oxide impurities on the surfaces of ZrB 2 powders.
Due to the favorable kinetics ofthe chemical reactions between carbon and the oxide
impurities, attrition milled ZrB2 powders (dso-- 0.5 J.l,m) with 1.0-3.4 wt% carbon
additions were sintered to ~ 100% relative density at 1900°C. 31 In contrast, Mishra et al. 45
used 5 wt% carbon powder as a sintering aid for the densification of ZrB 2 powder
produced by self-propagating high temperature synthesis. However, the density of the
ceramic sintered at 1800°C was reported as 5.138 g/cm 3 , which was only -92% dense
based on a theoretical density of 5.6 g/cm 3 calculated for Zr8 2 (6.1 g/cm 3 ) containing
12.3 vol% (5 wt%) carbon (2.3 g/cm 3). Compared to the 92% relative density obtained
after sintering ZrB2 with 5 wt% carbon powder, lower amounts ( 1-3.4 wt%) of carbon in
the form of coatings on the starting ZrB 2 particles promoted the pressureless sintering of
Zr8 2 to near theoretical density. The favorable effects of carbon coatings were attributed
to both the uniform distribution of carbon and improved reaction kinetics between carbon
and the surface oxide impurities on the ZrB2 powders.
When a combination of 8 4 C powder and carbon coatings was used for the
pressureless sintering of Zr8 2, commercially available Zr82 powder (dso- 2 J.Lm) was
sintered to >99% relative density at 1900°C. The synergistic effects of combined
additives were summarized as: ( 1) combined additives could react with and remove the
oxygen impurities more effectively than either individual additive alone; (2) grain growth
was inhibited by the presence of B 4 C particulates.
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In addition to using phenolic resin as a precursor of carbon, another polymer,
polycarbosilane (PCS), was used as a precursor of carbon and SiC to coat on the surfaces
of ZrB 2 powders for pressureless sintering. 44 After sintering PCS-coated ZrB2 powders at
2000°C, the microstructure of the sintered ceramics was found to be composed of
equiaxed ZrB2 grains and uniformly distributed SiC particulates, which derived from the
pyrolysis ofPCS (as shown in Figure 2.13). Another pyrolysis product ofPCS, carbon,
was considered to be mostly consumed by its reactions with the oxygen impurities
present in ZrB2 powders.

Figure 2.13. Cross-sectional SEM image of a ZrB2 ceramic sintered from PCS-coated
ZrB 2 powder. The grey phase is ZrB2 and the dark phase is SiC.
Because of the interest in ZrB 2-SiC composites, pressureless sintering of mixed
ZrB 2 and SiC powders has also been reported in recent years. Yan et al. 46'47 added 4 wt%
Mo to sinter ZrB 2-20wt%SiC to ~97% theoretical density at 2250°C for 2h. The Mo
formed a solid solution with ZrB2 and promoted liquid phase sintering of ZrB2-SiC.
Zhang et al. 48 used a combination of carbon and B4C for the pressureless sintering of
ZrB2 with 10-30vol% SiC particles, which enabled densification to >98% relative density
by solid state sintering at temperatures as low as 1950°C. With carbon additions, the
formation ofborosilicate glass, which could lead to significant coarsening and inhibit
densification, was removed. Zou and co-workers49 reported the beneficial effects ofVC
additions on the pressureless sintering of ZrB2-SiC . VC was considered to react with and
remove the oxide impurities (i.e. B 20

3,

Zr02, and Si02) in ZrB2 and SiC powders and

accelerate the densification of ZrB2-SiC.
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In summary, pressureless sintering of ZrB 2 and ZrB 2-SiC composites has been
achieved with additions of appropriate sintering additives. Based on the sintering
mechanisms, the roles of sintering additives can be classified into the following
categories: (1) formation ofliquid phases; (2) formation of a solid solution with Zr8 2; (3)
removal of oxygen impurities by reducing reactions. Compared to forming liquid phases
or a solid solution, solid state sintering of ZrB 2 after the cleaning of grain boundaries is
more favorable especially for high temperature structural applications.

2.3.2.2. Hot Pressing (HP)
Conventional pressureless sintering depends on the forces resulting from surface
energy to provide the driving force for densification? 1 Hot pressing generally refers to a
high temperature densification process with an externally applied uniaxial pressure. The
externally applied pressure provides a major contribution to the densification process.
The densification mechanisms during hot pressing have been discussed by
Rahaman. 22 Densification during hot pressing can occur by all the mechanisms of
conventional pressureless sintering. The nondensifiying mechanisms can be neglected
because they are not enhanced by the applied stress, whereas the densifying mechanisms
are significantly enhanced. Grain boundary sliding and, sometimes, plastic deformation
will occur to accommodate the diffusion-controlled shape changes and fill the porosity.
Rahaman also summarized the major mechanisms that commonly operate during hot
pressing as lattice diffusion, grain boundary diffusion, plastic deformation by dislocation
motion, viscous flow, particle rearrangement, and grain boundary sliding?:!
Because of the additional driving force for densification from externally applied
stresses, hot pressing can usually promote the densification of ZrB2 at a temperature at
which extensive grain growth does not occur. Since the flexural strength and hardness of
ZrB 2 ceramics can be maximized with high density and small grain size, optimum
mechanical properties can be obtained by hot pressing.
Metallic additives that form liquid phases at elevated temperatures have been
widely used in the hot pressing of ZrB 2 ceramics. In a study by Monteverde et al., 50 Zr8 2
with 4 wt% Ni addition was hot pressed to 98% relative density at 1850°C. Metallic Ni
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was used as the sintering aid to promote the formation of a liquid phase that improved
mass transfer mechanisms during hot pressing.
Non-metallic additives that form liquid phases have also been extensively
explored for the hot pressing of ZrB 2 based ceramics. The use of Si 3 N 4 (5 vol%) was
found to improve the sinterability of ZrB2. Near theoretical density ZrB 2 ceramics were
fabricated by hot pressing at 1700°C. 51 Grain boundary phases (BN, Zr02, ZrSh, B-N-0Zr-Si glassy phase) formed and were mainly located at triple grain junctions of the hot
. 52
pressed ceramics.
When the densification of ZrB 2 is facilitated by the addition of sintering additives
to form liquid phases, the characteristics ofthe liquid phases dictate the densification
behavior and the final microstructure of Zr8 2 ceramics. The type and amount of
additives will determine the composition, melting point, distribution, viscosity, and
wettability of the liquid phases. With the presence ofliquid phases, activated
densification can be attributed to the enhanced diffusion and dissolution-reprecipitation
mechanisms as well as grain boundary sliding and plastic deformation under hot pressing
stresses.
Sintering additives that do not form liquid phases have also been studied for the
hot pressing of ZrB2. Chamberlain et al. 5 reported the hot pressing of ZrB 2 powders
containing 20-30vol% SiC additions that were attrition milled with WC media. The
powders were hot pressed to near theoretical density, and the resulting ceramics had fourpoint bend strengths over 1 GPa. In addition to the external stresses applied by hot
pressing, the enhanced densification could also be attributed to both the incorporation of
WC from the milling media and the reduced particle sizes of ZrB 2 and SiC powders after
attrition milling. The latter factor could offer higher surface energy to drive densification,
while WC could react with and remove the oxide impurities present in Zr8 2 powder to
avoid coarsening. Further, WC was also found to form a solid solution with ZrB 2, which
was considered to beneficial for enhanced densification. Monteverde et al. 53 reported the
use of AlN as a sintering additive for the hot pressing of Zr82 to 92% relative density at
1870°C. The primary effect ofthe AlN addition was the depletion ofthe surface oxide
layer on Zr8 2 powder to avoid coarsening. Similar behavior was verified in TiB 2 that
was doped with AlN. 54 The same authors 55 also used 4.5 vol% ZrN as a sintering aid to
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ZrB2 containing 15 vol% SiC, and hot pressed 99% dense ZrB 2 ceramics at 1900°C. ZrN
was considered as the reducing agent of the oxide impurities present on the ZrB 2 surfaces.
Monteverde and Bellosi 53 proposed that the densification rate of ZrB 2 powder was
highly sensitive to the boron activity. The oxygen contamination reduced boron activity
through the formation and volatilization ofboron containing gaseous species. The
decrease in boron activity is accompanied by a reduction ofthe densification rate which,
in tum, promotes grain coarsening by an evaporation-condensation mechanism. The
maximum attainable density is, therefore, strongly affected by the oxygen content and is
severely limited by exaggerated grain growth.
To summarize, the densification of ZrB 2 based ceramics by hot pressing can be
promoted by mainly two mechanisms: ( 1) forming liquid phases with sintering additives
to facilitate grain boundary sliding and plastic deformation as well as enhancing the
dissolution-reprecipitation diffusion mechanism; (2) removal of oxygen impurities by
adding reducing agents to avoid grain coarsening via an evaporation-condensation
mechanism.

2.3.2.3. Spark Plasma Sintering (SPS)
Figure 2.14 shows a schematic representation of an SPS apparatus. Similar to hot
pressing, external mechanical forces are loaded on the specimen from the top and bottom
punches. The characteristic that differentiates SPS from HP is that a pulsed DC current is
passed through the graphite die, as well as the powder compact if the powder is
electrically conductive, like ZrB2. The furnace temperature can be monitored by
thermocouple and/or optical pyrometer depending on the operation temperature and
furnace setup.
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Figure 2.14. Schematic sketch ofthe SPS apparatus.
Due to the use of a pulsed DC current in the SPS process, it is generally believed
that the sintering kinetics can be improved or activated compared to conventional
processes. In nearly all reported investigations on SPS of ceramics, faster heating, lower
sintering temperatures, and shorter dwell times have been used in comparison with
conventional pressureless sintering and hot pressing.56 ' 57 During the initial part of the
sintering process, the spark and/or plasma discharges have been considered to clean
impurities from the surfaces of the powders. In subsequent stages, the presence of
cleaned and activated surfaces is expected to enhance grain boundary diffusion, which,
together with the proposed spark discharges and/or plasma processes, will promote
transfer of material and facilitate densification and grain growth. 57 ' 58 The occurrence of a
plasma discharge in proximity to the particle surfaces is still debated, but it seems widely
accepted that an electric discharge takes place on a microscopic level. 59 The presence of
the electric field causes faster diffusion due to the enhanced speed of migration ofions. 60
Owing to the rapid densification, this process can control grain growth by using sintering
times shorter than those typical of conventional processes.

26

In recent years, the SPS has been applied to sinter ZrB 2 and HfB 2 based UHTCs at
lower temperatures and shorter times compared with conventional sintering techniques
such as hot pressing and pressureless sintering. 61 ·62 Wang et al. 63 prepared 97% relative
density ZrB 2 with nano-SiC whiskers by SPS at a low temperature of 1550°C. The
densification at a low temperature was attributed to the formation ofliquid phases from
the reactions between oxide impurities on raw powder surfaces. The occurrence of a
plasma discharge in the proximity of the particle surfaces was also considered to induce
some phenomena that would enhance densification such as particle surface activation or
local melting and evaporation on the surface ofthe powder particles. Further additions of
AlN resulted in fully dense ceramics after SPS processing. AlN was considered to react
with and remove Zr02 and B 203 so that coarsening could be inhibited. SPS densification
of ZrB2 with relatively small MoSb ( 1-9 vol%) additions were studied by Sciti et al. 64 •
Fully dense ceramics were obtained after SPS processing at temperatures ranging from
1700 to 1950°C, using a heating rate of 100°C/min and an applied pressure of 100 MPa.
Densification was attributed to the removal of surface oxides from the boride particles
and formation of liquid phases.
Based on the published results on the SPS densification of ZrB2 based ceramics,
two main factors for the rapid densification have been found: first, the formation ofliquid
phases; second, the activation of densification associated with spark discharges and/or
plasma processes. While the former factor has been widely accepted, the latter one is still
debatable.
While most studies on the SPS processing of ZrB 2 used compositions with other
additives, a recent paper described SPS densification of single phase ZrB2. 65 ZrB 2
ceramics with -97% relative density were obtained at SPS conditions of 1900°C for 3
min with a heating rate of at least 200°C/min. However, the simultaneous occurrence of
rapid grain growth and densification made it difficult to fabricate fully dense ZrB 2
compacts. When the heating rate was lower than 200°C/min, significant grain growth
was associated with enhanced grain boundary diffusion and grain boundary migration in
the SPS process. Similar results were reported by Sciti et al., 64 who observed notable
!:,Tfain coarsening ofthe microstructure
98% relative density by SPS.

(~20f.lm

grain size) after ZrB2 was densified to
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Despite the generally believed beneficial effects of SPS, a recent study by Balbo
and Sciti, 66 did not show such effects. The SPS process did not change the
microstructure or mechanical properties of Zr8 2 ceramics with 15vol% MoSb addition
compared with conventional hot pressing when using similar sintering parameters (I 001500C/min heating rate, 8-10 min at 1750°C and 30 MPa uniaxial pressure for
densification). Further, the residual oxygen content in the densified ceramics was not
modified by the spark and/or plasma discharges of the SPS process. On the other hand, a
faster heating rate (150°C/min) was found to reduce the grain size. Based on this study,
it was concluded that the effectiveness of the SPS technique was mainly due to the rapid
heating rate and efficiency of the heating process.
Due to the different opinions on the roles of SPS in the densification of ZrB 2
based UHTCs, it is necessary to design further experiments to investigate how various
factors would affect the densification behavior in the SPS process before firm
conclusions can be made. SPS is relatively new compared with conventional pressureless
sintering and hot pressing. However, SPS is still an expensive process, and therefore is
presently only suitable for laboratory investigations.
2.3.2.4. Other Sintering Methods
Recent studies have shown the promises of using special sintering techniques to
densify Zr82. Due to the unique characteristics ofthese special sintering techniques, the
heating and/or sintering mechanisms are different from conventional sintering processes.
Laser sintering is a process that uses a laser beam to thermally activate or melt
ceramic or metallic powders to promote densification. 67 Sun and Gupta68 applied a
concentric dual laser system (pulsed and continuous wave laser combination) to sinter a
thin surface layer composed of Zr8 2. The preliminary results showed that the concentric
dual laser system seemed to be a feasible method for obtaining a sintered ZrB2 layer with
uniform surface morphology by locally melting the material.
Microwave sintering is another alternative to conventional sintering techniques.
Microwave sintering has the advantages of uniform and rapid heating since the energy is
directly coupled into the specimen rather than being conducted into the specimen from an
external heat source. Generally, enhanced densification and finer microstructures have
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been reported for microwave sintered materials. 69 However, microwave sintering of pure
ZrB 2 has not been reported in the literature, probably because Zr8 2 is electrically
conductive and has limited coupling with microwave energy. It was found that
microwave heating of Zr8 2 powder caused local arcing. While 8 4C has been used to
promote densification of Zr82 in pressureless sintering, 23 it has also been reported to be a
good absorber of microwave energy70 . Zhu et al. 71 used microwave sintering to densify
ZrB 2 powder to >98% relative density at temperatures as low as 1720°C with an addition
4 wt% 84C particulates, which was used as both microwave absorber and sintering

additive. Compared to conventional sintering, microwave sintering promoted
densification ofthe composite at lower temperatures with reduced grain growth.
In addition to the sintering techniques described above, there have been some
applications of a combination of different processes for the densification of Zr8 2 based
UHTCs. The use of reactive synthesis in combination with pressure assisted
densification processes (i.e. HP and SPS) has been widely explored to fabricate Zr8 2
based ceramics. Among the advantages ofthese reaction-based processes are low
processing temperature, increased control over microstructure development and
properties, and the use of cheaper, more abundant precursors. 72 •73
Zhang et al. 74 used Reaction (6) to prepare Zr8 2-SiC composites with >97%
relative density by reactive hot pressing (RHP) at 1900°C.
2Zr + Si + B 4 C

= 2ZrB 2

+SiC

(6)

Figure. 2.15 shows that, in the RHP process, the B and C atoms diffuse into the Zr and Si
sites, respectively, and then form Zr8 2 and SiC in situ.
Recently, the research group led by Zhang et al. further explored the application
of reactive synthesis during HP or SPS processes to fabricate ZrB 2 based ceramic
composites. 75 -78 Processing temperatures as low as 1600°C have been used to fabricate
97.3% dense ZrB 2-SiC-ZrC composites by RHP. 77 Qu et al. 79 prepared ZrB2-SiC-ZrC
composites by RHP using similar reactants (Zr, Si, and 84C) as those described by Zhang
et al., 74 and obtained >99% dense ceramics after processing at 1850°C. Zimmerman et
al. 80 used ZrH 2 , B4C and Si as reactants, and synthesized a ZrBz-27vol%SiC composite
by RHP between 1600 and 1900°C. Chamberlain et al. 81 investigated the synthesis of
ZrB 2-SiC ceramics by RHP process at temperatures as low as 1650°C. The enhanced
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densification at lower temperatures by RHP was attributed to the formation of nanosized
ZrB2 particles during the reactive process. Self-propagating high-temperature synthesis
is another way to obtain nanoscale ZrB 2 powder. 82 Fully dense ZrB 2-SiC composites
were fabricated by first synthesizing the powders via SHS from B4 C, Si, and Zr, and
subsequently consolidating the product by SPS. The combination of SHS and SPS
methods offered the advantages of low sintering temperature and short processing time
for UHTCs. 83

•
(b)
Figure. 2.15. Microstructure formation mechanism ofthe ZrB 2-SiC composite in the
reaction-synthesis process, showing the transformation from (a) the powder compact to (b)
the final microstructure of the composite. 74
The fundamental understanding of both the sintering mechanisms of ZrB 2 based
UHTCs and the physical principles of various densification processes will enable future
developments of more effective densification techniques or processes for the fabrication
of ZrB 2 based ceramics with improved control of microstructure evolution and optimized
physical and mechanical properties.

2.4. MECHANICAL PROPERTIES
Mechanical properties, including strength, elastic modulus, hardness, and fracture
toughness, are of critical importance in the research and development of ZrB2 based
UHTCs for high temperature engineering applications. This section summarizes recent
research progress related to the mechanical properties of ZrB2 based ceramics. In
addition, the experimental techniques that are usually used to test these mechanical
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properties are examined. Future opportunities to improve these mechanical properties are
proposed as well.
2.4.1. Strength

Although the theoretical strength of ceramics is determined by the stress
necessary to separate planes of atoms, in the real world, ceramics are much weaker than
the theoretical strength because flaws concentrate the applied stresses. Fracture strength
of brittle materials is a function of the critical flaw size as described by the Griffith
equation: 84

(7)

where a/racture is the fracture strength; K Jc is the fracture toughness; Y is a constant
related to the fracture origin; and c is the critical flaw size in the material. Therefore, the
strength of ceramics is limited by the flaws generated during processing or machining.
Any effort to decrease the sizes of flaws is expected to increase the strength of ceramics.
Because of increased interest in ZrB2 based UHTCs in recent years, the room
temperature strength of these materials has been widely investigated. As with many other
polycrystalline ceramics, the strength of ZrB2 ceramics depends on microstructural
characteristics such as grain size and geometry, porosity, type and volume fraction of
secondary phases, and intrinsic or extrinsic flaws in the test specimens. These factors can
result in a wide distribution of reported strength data for ZrB 2 based ceramics.
It has been difficult to fabricate fully dense ZrB2 ceramics without sintering
additives, and so the strength of monolithic additive-free ZrB2 is usually reported for
ceramics with a certain amount of residual porosity. Monteverde et al. measured a room
temperature strength of -350 MPa for 87% dense hot pressed ZrB2. 51 The low strength
was considered to be caused by the presence of porosity and large grains. After the
addition of sintering aids, such as AlN and Si3N 4 , Zr82 ceramics with substantially
increased strength were obtained. Specifically, -580 MPa strength was reported for hotpressed ZrB 2 when 2.5 wt% AlN was added, and -600 MPa was measured with 5 vol%
Si 3N 4 addition. 51 ·53 Further, ZrB 2 with the addition of 15vol% MoSh, densified by either
hot pressing or spark plasma sintering, exhibited room temperature strengths of,.;..., 700
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MPa. 66 Therefore, the role of sintering additives in improving the strength of ZrB 2
ceramics is due to the increased densification and reduced porosity. The elimination of
porosity from sintered ceramics could increase the load-bearing area and avoid stress
concentration near the pores. 85 As described by Rice, 86 strength of ceramics is an
exponential function of residual porosity as shown by Equation (8).
a=

CT 0

exp(-bP)

(8)

where a is the strength ofthe specimen at porosity P, a 0 is the strength of the specimen
without porosity, and b is a constant depending on the pore structure and material
composition.
Chamberlain et al. 5 reported the four-point bend strength of ZrB 2 ceramics
increased substantially from

~565

MPa to over 1000 MPa with the addition of SiC

particles changing from 0 to 20 and 30 vol%. Rezaie and Zhu and their coworkers
studied the effects of grain sizes on the strength of ZrB 2-30vol%SiC composites, and
found that the maximum and/or average SiC grain size was controlling the bend strength
ofthese composites. 87 ·88 This argument has been widely supported by the strength data
obtained by other researchers in their recent publications. Zhang et al. observed reduced
strength ( <500 MPa) in pressureless sintered ZrB2-30vol%SiC, and attributed it to the
elongated SiC grains in the microstructure. 48 Similarly, when 20vol% SiC whiskers were
used to reinforce the ZrB2 matrix, the measured strength of the hot pressed material was
~650 MPa. 89 Finite element modeling of ZrB 2 -30vol%SiC composites with different SiC

particle sizes indicated that the size of the areas under tensile stresses in the ZrB 2 matrix
dictated the critical flaw size in these composites. 90 It is therefore promising to achieve
superior strength of ZrBrSiC composites if well ultra-fine SiC bTfains can be dispersed in
the microstructure.
Strength ofUHTCs has also been studied at elevated temperatures because ofthe
proposed applications of these materials. A plot of strength vs. temperature is shown in
Figure 2. 16. The data in this plot indicated that strength increased slightly with increased
temperature for both Zr8 2 and HtB 2 based ceramics. However, a rapid decrease in
strength has been reported by several authors above 800°C. As shown in the plot, some
authors have reported another increase in strength above 1400°C; however these results
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have not been confirmed. The work by Balbo and Sciti showed the strength of ZrB 2
containing 15vol% MoSi 2 tested at 1500°C had only -50% retention ofthe corresponding
room temperature strength. 66 The remarkable strength decrease at 1500°C was ascribed
to the softening of the silica pockets found at the triple grain junctions. 37 ·66 Softening of
secondary phases in ceramics is usually accompanied by a decrease in the elastic
modulus at elevated temperatures. Therefore, it is not unexpected to observe the
declining trend in the plots of elastic modulus vs. temperature in Figure 2.17. The
presence of oxygen-containing secondary phases in the dense ceramics could lead to
strength and elastic modulus decreases at elevated temperatures.
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Another factor that could cause the strength decrease of Zr8 2 based ceramics at
elevated temperatures is oxidation induced surface damage. 53 However, this assumption
has not been verified by any researchers. The existing experimental results in the
literature about the high temperature strength of non-oxide ceramics did not lead to
consistent conclusions. Gogotsi et al. 91 tested the high temperature strength (up to
1300°C) of hot-pressed boron carbide ceramics and proposed that oxidation induced
surface damage affected the strength ofboron carbide above 600°C when tested in an air
atmosphere. However, in a study by Monteverde et al., 92 the strength of aSPS processed
Hffi 2 + 30vol% SiC composite was tested at both room temperature and 1500°C.
Compared to the room temperature strength of -590 MPa, the strength at 1500°C tested
in either air or argon atmosphere was about same at -600 MPa. The high temperature
strength retention in this material was attributed to the absence of thermally unstable
secondary grain-boundary phases. In addition, during the flexural strength test, no
appreciable plasticity or sub-critical crack growth was taking place as evidenced by the
load-displacement curve at 1500°C (Figure 2.18), which was linear up to fracture.
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temperature and 1500°C in air. 92
However, so far, no systematic study of the strength of Zr8 2 ceramics at elevated
temperatures is available in the open literature, despite the proposed engineering
applications of these materials at elevated temperatures. It is, therefore, necessary to
perform a fundamental study on the high temperature strength of Zr82 ceramics, and then
correlate the high temperature strength with the microstructural characteristics such as
grain size, secondary phases, grain boundary structure and chemistry. The next step
would be tailoring the composition and microstructure of Zr82 ceramics to enhance their
high temperature strength and reliability.

2.4.2. Elastic Modulus
Elastic modulus (£) of ceramics is the mathematical description of the tendency
ofthe ceramic to deform when a force is applied to it. Most ceramics are elastic at room
temperature, which is characterized by full and instantaneous recovery of strain if the
stress is removed. In solid mechanics, elastic modulus (also know as modulus of
elasticity or Young· s modulus) is a measure of the stitTness of a material. It is defined as
the ratio of the rate of change of stress with strain. This can be experimentally
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determined from the slope of the linear region of the load-deflection curve created during
flexural strength tests.
For the determination of static modulus of elasticity, the deflection of the bar with
respect to the support points needs to be recorded and used for the calculation. In fourpoint bending the deflection ()cis:
(9)

where E =Young's modulus, I= the moment ofinertia, L =the outer span ofthe fixture,
D =the distance between the inner and outer span of the fixture, and P =the applied load.

E can be calculated with the M

and 1'1.(5c on the linear part of the load-def1ection curve.

The dynamic elastic modulus of ceramics is usually determined by the impulse
excitation of vibration method as defined by the AS TM standard C 1259-01. 93 The
dynamic resonance method uses the natural vibration to determine the dynamic elastic
properties of advanced ceramics. In the dynamic resonance experimental technique, a
body is forced to vibrate and the constants are usually the longtitudinal, flexural or
torsional modes. The first two allow Young's modulus to be determined and the last
gives the shear modulus. Specimens of the tested materials possess specific mechanical
resonant frequencies that are determined by the elastic modulus, mass, and geometry of
the test specimen.
The above two methods have been widely used for the determination of elastic
modulus of ZrB 2 based ceramics. Since elastic modulus is a material property that is
independent of processing methods, materials fabricated by different processes should
exhibit similar elastic modulus values. Chamberlain et al. 5 reported an elastic modulus of
489 GPa for hot pressed Zr8 2 (99.8% dense). This value is close to the elastic modulus
measured on single crystal ZrB 2 (500 GPa). 9 Zhu et al. 32 measured an elastic modulus of
507 GPa for a pressureless sintered ZrB 2 ceramic ( ~ 100% dense). Based on these
reported elastic modulus data for single crystal, hot pressed, and pressureless sintered
ZrB 2 , it can be concluded that the elastic modulus of ZrB2 is about 500 GPa.
When Zr8 2 is made into composites with other constituents, the elastic modulus
ofthe composites can be estimated by rule of mixtures calculations. The models
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developed by Voigt and Reuss set the bounds on the range of the elastic modulus of
composites. 21 The Voigt model assumes that the strain in each constituent is the same,
and the elastic modulus of the composite Eu can be expressed as:
(10)
where V2 is the volume fraction of the phase with modulus £ 2 , and £ 1 is the modulus of
the other phase. The Reuss model assumes that the stress in each phase is the same, and
the modulus of the composite EL becomes:
(11)

Because ZrB 2 is difficult to densify, some residual porosity is usually present in
the microstructure of ZrB 2 based ceramics. When porosity is an additional phase in the
microstructure, it is necessary to take into account the effect of porosity on the elastic
modulus of ZrB 2 based composites. For a ceramic body containing a low concentration
of spherical pores, the MacKenzie solution for the elastic modulus E of the porous body
Is gtven b y: 96
0

•

( 12)

where Eo is the elastic modulus of the dense material, P is the porosity fraction and A and
Bare constants of the order of 1.9 and 0.9, respectively.
A relation between porosity and elastic modulus that has been found to fit
experimental results for ZrB 2-SiC system is Nielsen's equation: 94
E- E
- ()

(1- P)

2

(13)

1
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-l)P

where E is the modulus of specimens at a porosity P, Eo is the modulus without porosity,
and pis the Neilsen shape factor (0.4 for spherical pores). For example, in this work, the
elastic modulus of a ZrB 2 -SiC composite containing 30 vol.% SiC and 2.6 vol% porosity
was measured as 479 GPa, while the calculated value was 478 GPa based on intrinsic
modulus values of 500 GPa for ZrB 2 , 450 GPa for SiC and 0 GPa for porosity. 88
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2.4.3. Hardness
Hardness is the property of a material that enables it to resist plastic deformation.
From an atomic bonding point of view, materials with strong inter-atomic bonding have
higher hardness than those with weaker bonds. 95 •96 ZrB 2 has high hardness because of its
strong bonding nature.
In the literature, Vickers' hardness values of ZrB 2 based ceramics vary widely.
The Vickers' hardness test method consists of indenting the test material with a diamond
indenter, which has the form of a right pyramid with a square base and an angle of 136
degrees between opposite faces. The indentation load can range from 10 g to 100 kg.
When the indentation load is lower than 1 kg, the measured hardness is usually
considered to be microhardness. The full load is normally applied for 10 to 15 seconds.
The two diagonals (d 1 and d2) of the indentation left in the surface of the material after
removal of the load are measured using a microscope and their average calculated. The
area ofthe indented sloping surface of is calculated. The Vickers' hardness is calculated
by dividing the load by the square mm area of indentation using Equation ( 14 ). A
schematic of the Vickers' hardness test is shown in Figure 2.19.

. 136°
2F sm
HV=

d2

2

where HV= Vickers hardness in GPa; F =load inN; d =arithmetic mean of the two
diagonals, dl and d2 in mm.

Figure 2.19. Schematic of the Vickers' hardness test.

(14)
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The Vickers' hardness value of single crystal Zr8 2 was reported as -20.9 GPa
when an indentation load of200 g was used, and varied slightly on different
crystallographic planes. 8 Hot pressed Zr8 2 ceramics showed a measured hardness of 23
GPa under a 200 g indentation load. 5 In contrast, pressureless sintered Zr8 2 ceramics that
were indented under a 100 g load had a reported hardness value of -14.5 G Pa, which was
significantly lower when compared to that of the hot pressed Zr8 2.42 The decrease of
Vickers' hardness was attributed to a combination oflarger grain size of the pressureless
sintered material and residual stresses in the microstructure. The larger grain size
decreases the frequency with which dislocations encounter grain boundaries, thus
reducing the amount of stress required for deformation to occur. 97 It is worth mentioning
that the measured hardness may reach a minimum value for polycrystalline ceramics at a
certain grain size range, and then increase as the grain size increases. This is because the
magnitude of hardness will be similar to the single crystal value when the grain size is
significantly larger than the size of Vickers' indentation. However, in an intermediate
grain size range, the hardness could be lower than the single crystal value due to the
presence of residual stresses in the microstructure. This phenomenon was observed in a
variety of oxide and non-oxide ceramics as reported by Rice et al. 98
On the other hand, residual stresses can be generated due to the thermal expansion
coefficient difference between different crystallographic directions of Zr8 2 (aa
1o-6 K- 1'

Uc =

6.93

X

=

6.66 x

1o-6 K- 1). 9 The residual stresses, in tum, could be relieved by the

formation of microcracks, which decreases the hardness of the tested material.
Similar to the grain size effect, the magnitude of indentation load can also affect
the measured Vickers' hardness value. When a very low indentation load is used. such as
less than 1 kg, the measured hardness is usually high. As the indentation load increases,
the measured hardness decreases. This phenomenon is sometimes referred to as
indentation size effect (ISE). Buckle99 ascribed the ISE phenomenon to be related to the
intrinsic structural factors ofthe test materials, including indentation elastic recovery,
work hardening during indentation, surface dislocation pinning, etc. In the present study,
the indentation size effect has been observed in a ZrB2-SiC composite as shown in Figure
2.20. Because the measured Vickers' hardness of ZrB2 based ceramics is dependent on
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the indentation load, it is necessary to take this effect into consideration during the
comparison and interpretation of Vickers' hardness data published in the literature.
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Figure 2.20. Indentation size effect in a ZrB 2 -SiC composite.

2.4.4. Fracture Toughness
Fracture toughness is a property which describes the ability of a material
containing a crack to resist fracture, and is one of the most important properties of any
material for virtually all design applications. It is denoted K1c and has the unit of
MPa·m 112 • Fracture toughness is a quantitative way of expressing the resistance of a
material to brittle fracture when a crack is present. Ceramics, including ZrB 2 , usually
exhibit relatively low fracture toughness values due to their brittleness. If a ceramic
material has a large value of fracture toughness, it usually exhibits one or more
toughening mechanisms such as cracking deflection, crack bridging, and crack
. 9:'i
b ranch mg.
Among various methods for the determination of fracture toughness, the direct
crack measurements (DCM) method has the advantages of simplicity and economy in
testing, although it is still controversial regarding its accuracy and validity. The work by
Evans and Charles 100 founded the basis of using the indentation method to determine the
fracture toughness of ceramic materials. Later, Anstis et al. 101 critically examined the
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application of indentation techniques to the evaluation of fracture toughness. A
schematic of this method is shown in Figure 2.21.

p

Figure 2.21. Schematic of Vickers' indentation produced cracks for fracture toughness
determination using the direct crack measurements method.
An assumption ofthe DCM method is that the crack patterns remain geometrically
well behaved at all the times. In other words, the crack system is subject to conditions of
mechanical equilibrium both during and after the contact event, such that the radial
cracks remain stable. The underlying basis for the derivation of Equation (15) used for
the calculation of fracture toughness is that the material beneath the indenter deforms
readily at constant volume.
K
Ic

(15)

= ~"(~)J ' z(_]!_)
'=' H

c3 ' 2

where K1c =fracture toughness in MPa·m 112 ; H =hardness in GPa; E =Young's modulus
(GPa); P = load (N); c

=

crack length (m); and

t; is a dimensionless constant that has

been determined from testing of many ceramics to be:::::: 0.016 ± 0.004. 101 Further,
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precautions must be taken in selecting an indentation load which satisfies the requirement
that the pattern be well developed (2c ~ 4a) and yet that no chipping occurs. Figure 2.22
is an optical microscope image used in this study showing indentation produced radial
cracks on a sintered and polished ZrB 2 ceramic specimen for the determination of
fracture toughness using the DCM method.

Figure 2.22. Optical microscope image of indentation produced radial cracks on a
sintered and polished ZrB2 ceramic specimen for the determination of fracture toughness
using the DCM method.
The current ASTM standard for the determination of fracture toughness of
advanced ceramics at ambient temperature 102 defines three standard methods: (1)
precracked beam test; (2) surface crack in flexure; and (3) chevron-notched beam (CNB)
test. All three test methods use beam test specimens with sharp cracks. The cracks can
be either a straight-through crack in method (1), or a semi-elliptical surface crack in
method (2), or it is propagated from a chevron notch in method (3). 102
Similar to the CNB method, the single edge notched beam (SENB) method has
also been reported. Another method that has been used for the determination of fracture
toughness of ZrB 2 ceramics is the indentation strength in bending (ISB) method. 103 In the
ISB method, a radial crack (c) is introduced into a test bar, usually with a hardness
indentation. When this test bar is loaded in a four point bending fixture, the tensile stress
will increase to a maximum value when the test bar is fractured. The measured strength
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of the bar at fracture is denoted as a- m . According to linear elastic fracture mechanics a
"~

formulation for the fracture toughness can be expressed as follows: 103
( 16)

where K1c =fracture toughness in MPa·m 112 ; H =hardness in GPa; E =Young's modulus
(GPa); P =Vickers indentation load (N); a-,= measured strength of the bar after
indentation (MPa); and 77 is a dimensionless constant that has been determined from
testing of many ceramics to be;::::; 0.59 ± 0.12.
In the published literature, different authors usually use different test methods for
fracture toughness measurements. It is, therefore, important to take into consideration the
differences in testing methods during the interpretation and comparison of the fracture
toughness data. Table 2.1 summarizes fracture toughness values of Zr8 2 based ceramics
reported by different authors. Despite the differences in test methods, some general
trends of the change of fracture toughness can be observed. Monolithic Zr8 2 ceramics
without additives or with a small amount of additives (usually less than 1Ovol%)
exhibited fracture toughness values of -3.0 MPa·m 112 or lower. The low fracture
toughness can be attributed to the intrinsic brittleness of Zr82. When the addition of
secondary particles was 1Ovol% or higher, fracture toughness values of -4.0 MPa·m 12
were obtained due to some toughening effects offered by the particulate inclusions.
Higher toughness values were reported for Zr8 2 with increased amount of addition of
secondary particle additives, such as SiC 5 and Zr0 2104 . Toughening mechanisms, such as
crack deflection and crack bridging, were observed in these composites. The mismatch
between the thermal expansion coefficients of the Zr82 matrix and the inclusion phase
could lead to large residual stresses at the phase boundaries, which could favor crack
deflection. Recently, Zhang et al. reported improved fracture toughness of Zr82 with the
addition of 20vol% SiC whiskers. 105 In addition to crack deflection and crack bridging,
interactions between the crack and SiC whiskers could also cause the pullout of SiC
whiskers and improve the fracture toughness of the composite.
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Table 2.1. Fracture toughness values of ZrB 2 ceramics published in the literature.

Authors

Material

Method

Chamberlain et al.
Chamberlain et al.
Monteverde et al.
Monteverde et al.
Zhang et al.
Zhu et al.
Zhu et al.
Sciti et al.
Sciti et al.
Chamberlain et al.
Zhang et al.
Zhang et al.

ZrB2
ZrB2+ 1Ovol%SiC
ZrB2+5vol%Si3N4
Zr82+ 15vol%SiC
ZrB2+4wt%84C
ZrB2+ 1. 7wt%C
ZrB2+ 1wt%C+2wt%B4C
ZrB2
ZrB2+9vol%MoSi 2
ZrB2+ 30vol%SiC
ZrB2+30vol%Zr02
ZrB2+20vol%SiCw

ISB
ISB
CNB
CNB
DCM
DCM
DCM
DCM
DCM
ISB
SENB
SENB

K1c

(MPa·m 112 )
3.5 ± 0.3
4.1 ± 0.3
3.75±0.10
4.07 ± 0.03
3.1
2.8 ± 0.2
3.5 ± 0.6
<2
3.3 ± 0.5
5.3 ± 0.5
6.4 ± 0.3
6.60 ± 0.14

Reference
5
5
51
50
43
31
32
64
64
5
104
105

Further exploration of toughening strategies is critically important to improve
the mechanical reliability of Zr8 2 based ultra-high temperature ceramics. Recent
research progress has shown the beneficial effects of secondary phase additions, such as
SiC, to improve the fracture toughness of ZrB2 ceramics. It is expected that further
improvement in fracture toughness of ZrB2 based ceramic composites can be made
through optimized design ofthe composition and microstructure ofthe composites.

2.5. OXIDATION BEHAVIOR
Oxidation of ZrB 2 based UHTCs is a bottle neck that limits engineering
applications of these materials. Experimental and theoretical studies of the fundamental
oxidation mechanisms with and without additives will lead to the development of ZrB2
based UHTCs with enhanced high temperature oxidation resistance and stability. This
section summarizes the research efforts that have been made towards better
understanding of the oxidation behavior and improving the oxidation resistance.

2.5.1. Oxidation of ZrB2
When ZrB 2 is heated in dry air, a surface scale composed of Zr02 and 8 20 3 is
formed. 106 · 107 Below -1 000°C, the boria liquid wets Zr02 and spreads on the surface to
form a protective layer for ZrB 2. The diffusion of oxygen through this protective layer
has been considered as the oxidation rate-limiting step, which results in a parabolic
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oxidation behavior in the temperature range of 900 - 1500°C. 108•109 However, the
volatility of B203 becomes significant above ~ 1500°C so that only a non-protective
porous Zr02 layer remains thereafter, which usually accelerates the oxidation of ZrB 2.
In a recent paper by Parthasarathy et al., 110 a quantitative model has been
developed to predict scale thickness, recession, and mass changes for the oxidation of
ZrB2 and other diborides. Figure 2.23 is a schematic sketch showing the structural
changes on the surface of ZrB2 in different temperature regimes. Available
thermodynamic data and literature data for vapor pressures and diffusivities were used to
evaluate the model. Good correspondence was obtained between theory and experiments
for weight gain, recession and scale thickness as functions of temperature and oxygen
partial pressure. At temperatures below about 1400°C, the rate-limiting step is the
diffusion of dissolved oxygen through a film of liquid boria in capillaries at the base of
the oxidation product. At higher temperatures, the boria is lost by evaporation, and the
oxidation rate is limited by Knudsen diffusion of molecular oxygen through the
capillaries between nearly columnar blocks of Zr02. 110

lntermBdiate Temp (-1000 to -1800 °C)

Low Temp <- 1000 oc

Very High Temp > -1800 oc

----·---,

Figure 2.23. Schematic diagram showing structural changes on the surface of ZrB2 after
110
.
. m
. three t emperature regimes.
ox1.dat10n
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Figure 2.24 is a cross sectional SEM image of a ZrB 2 ceramic oxidized at 1500°C
in air for 30 min showing a porous Zr02 surface layer. 112 Such a porous layer provides
rapid oxygen diffusion paths for the oxidation of ZrB 2. Zhang et al. 111 proposed the
addition ofWC to ZrB2 to form a dense surface layer. With the addition ofWC to ZrB 2,
a W -containing oxide phase formed and promoted liquid phase densification of the
oxidation derived Zr02 scale. In addition, the large volume expansion (230%) associated
with oxidation of W to form W03 compensated for the voids left in the porous Zr02 layer.
The combined benefits ofWC addition improved the oxidation resistance of ZrB 2
ceramics. 111

Figure 2.24. A ZrB2 ceramic oxidized at 1500°C in air for 30 min showing a surface layer
112
composed ofporous Zr0 2·

2.5.2. Oxidation of ZrB2 with Silica Formers
To overcome the problem of forming a non-protective porous Zr02 surface layer,
. . o f st.1.tea (S"O)
c.
the addttlon
1 2 1ormers,
sueh as s·c
1 , 113-115 s·13N 4, 116Mo s·12, 117 T a s·12, 118 ,
TasSh, 116 et al., has been found to improve the oxidation resistance of ZrB2 at
temperatures above 1200°C. The improved oxidation resistance with silica former
additions is mainly attributed to the formation of a protective silica-rich borosilicate glass
on the surface of ZrB 2 based ceramics. At 1500°C, the vapor pressure of B20 3 is 23 3 Pa,
compared with a vapor pressure of3 x 104 Pa for Si02Y 9 The large vapor pressure
difference indicates preferential loss of B 203 due to substantial volatilization, leaving a
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highly Si02-rich surface scale, which is more stable compared with 8 20 3. As shown in
Figure 2.25, compared to monolithic Zr8 2, the additions of SiC were found to
significantly reduce the oxidation induced mass gain by TGA analysis at a heating rate of
1ooC/min up to 1500°C in a flowing air (25 ml/min) atmosphere. 120 Reduced mass gain
is attributed to the better oxidation protection of the Si02 surface scale. According to
Rezaie et al., 121 ZrB2 containing 30vol% SiC exhibits protective behavior up to at least
1500°C with oxygen diffusion through the Si02-rich surface layer controlling the rate of
mass gain.
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Figure 2.25. Mass gain ofZrB 2-SiC with different amounts ofSiC addition (data from
reference 120).
The addition of SiC is beneficial for the oxidation protection of Zr8 2-SiC
composites only at high oxygen partial pressures. Rezaie et al. 122 reported that no
protective oxide layer was formed on Zr82-SiC at an oxygen partial pressure of 1o- 10 Pa
due to the active oxidation of SiC at this oxygen partial pressure. Han and co-workers 123
reported similar poor oxidation resistance of ZrB 2 with 30vol% SiC at 1800°C compared
with materials with lower SiC contents due to active oxidation of SiC at a low oxygen
partial pressure (0.2 atm). In another paper, Han et al. 124 compared the stability of oxide
scales formed at 1900°C on Zr8 2 based ceramics which had different contents of SiC.
The addition of 20 vol% SiC was found to provide the most stable oxide scales, whereas
lower SiC content (10 vol%) did not provide enough silica to form a protective layer and
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a higher SiC content (30 vol%) resulted in the cracking and spalling of the oxide scale
due to the SiC depleted layer. Therefore, oxidation induced mass changes of ZrB 2-SiC
composites should not be used as the single source for the selection of the composition of
materials in terms of the oxidation resistance.
Improvement in the oxidation resistance of ZrB 2-SiC ceramic composites was
also reported when other transition metal diborides, such as CrB 2, TiB 2, TaB 2, NbB 2, and
VB2, were added to ZrB2, forming solid solutions. 125 Despite the fact that the oxidation
resistance of all these transition diborides (alone) is worse than that of the ZrB 2, the
improvement in the oxidation resistance was related to the presence of oxidation derived
transition metal oxides in the borosilicate glass inducing its phase separation
(immiscibility). Both increased liquidus temperatures and viscosities, which are
characteristic features of immiscible glasses, are beneficial for decreasing oxygen
diffusivity and suppressing boria evaporation from the glass. 116
When ZrB2-SiC composites are oxidized at temperatures of -1500°C, the
formation of a porous SiC depleted layer has been reported by several authors. 113 ·115·126
According to the analysis by Fahrenholtz, 119 active oxidation of SiC under the surface
oxide scale caused the formation of SiC depleted layer. With Ta-containing additives
(e.g. TaB 2 or TaSh), the subsurface layer (SiC depleted layer) on the samples after
oxidation seemed to be less porous, which could offer improved oxidation resistance to
ZrB 2-SiC composites. 118 However, the mechanism of forming a less porous subsurface
scale with Ta additions has not been clarified. Further research efforts are needed to
improve the oxidation resistance of ZrB 2-SiC composites by avoiding the formation of a
porous subsurface scale, which causes rapid inward oxygen diffusion.

2.5.3. Oxidation at Temperatures above 2000°C
A research group at the Harbin Institute of Technology in China tested the
oxidation behavior of ZrB 2-SiC composites at temperatures exceeding 2200°C using an
oxyacetylene torch. 127· 128 The main oxidation products of ZrB2-SiC composites are B 203,
Si0 2 and Zr0 2. At 2200°C, the vapor pressures of B203 and Si02 are 2.8 x 10 5 Pa and 18
Pa, respectively, while the vapor pressure of Zr02 is 0.025 Pa. In addition to
volatilization, Si0 2 can also decompose at these high temperatures. The recrystallization
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of Zr02 into a dense, coherent scale was found to protect the underlying ceramic from
catastrophic oxidation. 127 In another study reported by the same lab, 10 vol.% La8 6 was
added to ZrB 2-SiC composites to improve the oxidation resistance up to 2400°C. 1n The
beneficial effects of LaB 6 were attributed to the concentration of La in the surface glass
scale. The dissolution of La in the surface scale increased the melting point and viscosity
of the glass. On the other hand, La ions stabilize the tetragonal form of Zr0 2, and the
volume expansion due to the tetragonal-to-monoclinic transformation upon cooling to
room temperature is inhibited. 129 The combination of the above effects leads to the
reduction of cracks and the formation of a coherent compact scale, which acts as a more
efficient barrier against the inward diffusion of oxygen than Si0 2 and Zr0 2. 1211
ZrB 2 was also used as an additive to improve the ablation resistance of C/C
composites at 2700°C. It was reported that the beneficial effect of ZrB 2 additions was
attributed to the formation ofmolten Zr02, which hindered inward oxygen diffusion. 130
This work demonstrated the excellent oxidation resistance of Zr8 2 at ultra-high
temperatures due to the densification of the oxidation derived Zr0 2 surface scale.
Preferential oxidation of SiC was also observed in the oxidation tests above
2000°C using an oxyacetylene torch. 127 ·128 The preferential oxidation of SiC usually
leads to the formation of a SiC depleted layer. In addition, the SiC depleted layer was
also observed in ZrB 2-SiC composites after testing in severe conditions by arc heater
testing. 126 High temperature active oxidation of SiC presumably accounts for the
formation of a SiC depleted layer after oxidation testing above 2000°C. However,
detailed thermodynamic calculations and modeling are still needed to obtain a better
understanding of this phenomenon at ultra-high temperatures.
To summarize the research efforts on the improvement of oxidation resistance of
Zr8 2 (including ZrB 2-SiC) ceramics, the following areas are worthy of further
investigations: ( 1) formation of a better oxidation barrier layer on the surface by
controlling the volatility or viscosity of the surface glass; (2) densification of the porous
Zr0 2 scale; and (3) elimination ofthe SiC-depleted layer. In terms of the oxidation
kinetics, it is important to identify the critical step in the oxidation process of Zr82 based
ceramics, and put emphasis on improving it.
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2.5.4. Oxidation in Dissociated Air
In spite of the relative ease and low cost of performing oxidation tests of Zr8 2
based UHTC materials with molecular oxygen, these tests fail to expose UHTC samples
to significant levels of atomic oxygen. During hypersonic flight, molecular oxygen is
dissociated in the shock wave that forms ahead of leading wing edges, nose cones, inlets,
strakes, and control surfaces. 131 Dissociated (atomic) oxygen has been reported to
accelerate oxidation rates in other ceramics. For example, Balat et a1. 132 .1 33 showed that
the passive to active transition in the oxidation of SiC can be shifted significantly to
lower pressure and lower temperature regimes under atomic oxygen than in the case of
molecular oxygen. Therefore, it is necessary to study the oxidation behavior of ZrB 2
based ultra-high temperature ceramics under dissociated oxygen environments.
Arc jet facilities are usually used to test materials for hypersonic vehicles by
operating at high enthalpy conditions to generate atomic oxygen and supersonic flow
rates. Several studies have been performed to evaluate the oxidation behavior of ZrB 2SiC, 126 .1 34 HfB 2-SiC, 135 ·136 HfB 2-MoSh, 137 and HfC-MoSh, 137 in simulated atmospheric
re-entry conditions using arc jet testing. After arc jet testing at -1800°C, the surface of
ZrB2-SiC specimens was primarily composed of dense Zr02 with the exception of a few,
relatively large (-15 J.tm) voids. 126 In the arc jet testing of Hf-based UHTCs, numerous
voids were observed on the surface layer, which was composed ofrecrystallized HfD 2.
The formation of more voids was probably due to the higher testing temperature
(>2000°C). 135 The densification of surface Zr02 or HfD2 scale under very high
temperature arc jet testing conditions was similar to what was observed under oxidation
testing above 2000°C in molecular air. 127 ' 128 However, the formation ofvoids in the
surface layer was attributed to the more severe outward evolution of gaseous species (i.e.
SiO, 80, 8 20 2, etc.) beneath the surface layer under the combination of temperature and
atmosphere (i.e., atomic oxygen) compared to molecular oxygen oxidation conditions.
After the evolution of gaseous products, a porous SiC depleted (or partially depleted)
layer was usually found below the surface oxide scale as a result of the active oxidation
of SiC under locally low oxygen partial pressure. In contrast, such a porous subsurface
layer did not form after the arc jet testing of Hffi2-MoSh composites, in which MoSh
was added as the silica former during oxidation. 137
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The published results on the arc jet testing ofUHTCs are still preliminary, and
more systematic testing under simulated atmospheric reentry conditions is necessary to
provide insight into the fundamental oxidation mechanisms of UHTCs in high
temperature dissociated oxygen. After obtaining an improved understanding of the
oxidation behavior ofUHTCs in high temperature atomic oxygen, the next step would be
the design of composition and structure of the materials to achieve enhanced oxidation
resistance under atmospheric reentry conditions.
However, the high cost has substantially prohibited the uses of arc jet testing for
UHTC research on a regular basis. An alternative way for testing the oxidation behavior
ofUHTCs in dissociated oxygen conditions is to use an inductively coupled plasma (ICP),
which generates low pressure, dissociated air flow to simulate the atmospheric reentry
conditions. Recently, a collaborative research effort on the study of the oxidation
behavior of ZrB 2 -30vol%SiC composites in low pressure (0.1 atm) air ICP has been
performed at Missouri University of Science and Technology in Rolla, Missouri, the von
Karman Institute for Fluid Dynamics in Rhode-St-Genese, Belgium, and SRI
International in Menlo Park, California. 138 ' 139 The number densities ofNz, N, and 0
varied with test conditions, but generally oxygen molecules were highly dissociated, and
nitrogen molecules were partially dissociated. A typical picture of a UHTC sample under
plasmatron stream oxidation test is shown in Figure 2.26.

Figure 2.26. A typical picture showing a UHTC sample under an inductively coupled
. test. 139
p 1asma stream oxt.dat10n
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After ICP oxidation testing, the morphological and compositional changes of the
tested samples were characterized by a combination of SEM, EDS, XRD, and XPS
analyses. Figure 2.27 shows SEM images ofthe oxidized surfaces (top row) and crosssections (bottom row) ofthree samples which reached quasi-steady surface temperatures
of 1240, 1390, and 1570°C, respectively, after exposure to the dissociated gas flow for 10
minutes at different power levels. At this magnification, the surfaces are inhomogeneous,
mostly covered by a glassy coating, but with regions of exposed crystalline material.
Chemical analysis by EDS confirmed the presence of Zr and 0 in the exposed grains and
Si and 0 in the glassy phase, consistent with the anticipated oxidation products Zr0 2 and
SiOz.
The morphologies of the surfaces differ. On some specimens, the glassy layer
appeared as a thin patchy film with many small, well-dispersed regions of exposed Zr0 2
grains. On others, most of the surface was covered with a uniform glassy film, with only
a few exposed regions. In some cases, the glass film appeared thicker and more
continuous, but with large regions of partially-exposed Zr02 grains. The cross-section
SEM images of Figure 2.27 confirmed that the glassy outer layer became progressively
thicker from -3.1 Jlm to -3.9 Jlm to -8.7 Jlm with increasing surface temperature. On the
cross section ofthe sample tested at 1390°C, several dark regions in the subsurface layer
were observed and identified as carbon by EDS analysis. This carbon could arise from
the reduction of SiC. A similar phenomenon was reported by Balat and Berjoan in the
oxidation of SiC. 132
The cross-section SEM images of Figure 2.27 reveal a partially oxidized sub-layer
extending below the outer glassy layer at all three test temperatures. Figure 2.28 shows a
higher magnification SEM image of the two layer oxide structure formed on the sample
tested at 1570°C, along with XRD spectra collected in each layer. The diffraction pattern
suggested that monoclinic zirconia (m-Zr02) was the major crystalline phase in the outer
glassy layer (Layer 1), and Zr70 11 N 2 was also identified. The m-ZrOz peaks must
originate from exposed crystalline regions in Layer 1. Zr7011N2 should come from the
partial nitridation of Zr0 2 in the air plasma. The SEM image revealed some porosity in
the sub-layer (Layer 2) and the XRD spectrum indicated that m-ZrOz, hexagonal (6H) aSiC and ZrB 2 were present. This two-layer oxide structure was different from what was
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previously reported for similar ZrB2-SiC composites under furnace oxidation conditions,
which usually resulted in the formation of a SiC depleted layer. 119 Further study is
needed to elucidate the causes that led to the unique subsurface structure of ZrB 2-SiC
composites after air ICP testing.

Figure 2.27. Post-test SEM images of samples that reached quasi-steady surface
temperatures of 1240, 1390, and 1570°C, respectively, during exposure to the ICP flow
for 10 minutes at different power levels; top row: oxidized surfaces, bottom row: cross.
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Figure 2.28. XRD spectra (left) of the oxidized layers on the sample tested at 1570°C and
the corresponding cross-section SEM image (right).
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To improve the fundamental understanding of oxidation mechanisms of ZrB 2
based UHTCs under various testing conditions, an effective strategy would be to perform
systematic experiments along with modeling and simulations based on thermodynamics,
diffusion and reaction kinetics, and modem computational materials science.
Computational tools have recently been proposed for the study of the oxidation
mechanisms ofUHTC materials. 131 These methods include atomistic simulations, firstprinciples approach, phase field modeling, etc. With a combination of comprehensive
research efforts using experimental study, theoretical analysis, and computational tools,
significant progress leading to a thorough understanding of the oxidation behaviors and
mechanisms of ZrB 2 based UHTCs is expected to be achieved in the near future. Further,
optimized material compositions, as well as micro- and macro-structures, would be
designed and engineered to meet specific application requirements.
The development of UHTCs with improved oxidation resistance and increased
mechanical reliability at both room and high temperatures will ultimately enable the
revolutions of new technologies attributed to the unique ultra-high temperature properties
offered by these materials.
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1. PRESSURELESS SINTERING OF CARBON-COATED ZIRCONIUM

DIBORIDE POWDERS

Sumin Zhu, William G. Fahrenholtz, Gregory E. Hilmas, Shi C. Zhang
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MO 65409, USA

Abstract
Carbon-coated zirconium diboride powders were sintered to near theoretical density at
temperatures as low as 1900 °C without an external pressure. Relative density increased
from -70% for uncoated ZrB 2 to >99% for ZrB 2 coated with at least 1.0 wt% carbon.
Thermodynamic analysis indicated that carbon reacted with and removed oxide
impurities (Zr02 and B 2 0

3)

that were present on the particle surfaces, which promoted

densification by minimizing grain coarsening. The effects of initial particle size and
carbon content on densification, microstructure and properties were investigated.

Keywords: Zirconium diboride; Sintering; Thermodynamics; Microstructure; Carbon
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1. Introduction

Zirconium diboride (ZrB 2) ceramics have low theoretical density, high melting point,
high strength, high electrical and thermal conductivities, and excellent corrosion
resistance. This unique combination of properties makes ZrB 2 a promising candidate for
thermal protection systems, cutting tools, high temperature electrodes, and molten metal
crucibles [ 1-5]. However, ZrB 2 has not been utilized widely because hot pressing is
generally required for densification [6,7]. Zirconium diboride is thought to have a low
intrinsic sinterability due to its strong covalent bonds, low bulk and grain boundary
diffusivities, and the presence of surface oxide impurities [8]. Hot pressing is an efTective
method for densitication, but it is limited to producing components with simple
geometries and moderate size. Development of pressureless sintering processes would
reduce processing costs and would enable near-net-shape processing of ceramic parts
with complex geometries.
Various additives have been used to promote densification of ZrB2. Metallic
additives, such as Fe and Cr, lower the densitication temperature [9], but also reduce the
strength at elevated temperatures and oxidation resistance. Non-metallic additives, such
as WC [10,11], B 4 C [11], MoSi 2 [12], and HfN [13] powders, also promote densification
of ZrB 2. Recently, Mishra et al. reported enhanced densification of ZrB2 produced by
self-propagating high temperature synthesis with 5 wt% carbon powder as a sintering aid
[14]. However, the density ofthe sintered ceramic was 5.138 g/cm 3 , which was only

~92% dense based on a theoretical density of 5.6 g/cm 3 calculated for ZrB2 (6.1 g/cm 3 )
containing 12.3 vol% (5 wt%) carbon (2.3 g/cm 3 ).
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Carbon is known to be an effective sintering aid for other non-oxide ceramics,
although its beneficial role is not fully understood. Prochazka et al. [ 15] and Clegg [ 16]
found that carbon reacted with Si0 2 present on the surface of SiC before densification
was initiated. Similar results were obtained for B 4C and TiB 2 , where carbon facilitated
densification by its reaction with surface oxides at elevated temperatures [ 17, 18].
Removal ofthe oxide impurities was essential to complete densification of these nonoxide ceramics. Oxide impurities promote rapid grain coarsening, which can lead to the
formation of porosity trapped within grains and, therefore, limit the final densities [ 18].
Previous studies have also discussed the effect of oxide impurities on sintering of
ZrB 2 [ 10,11]. Both B4C and WC additions were found to promote removal of surface
oxides from ZrB 2 and allow for pressureless sintering to ncar full density. Therefore,
removal of surface oxides is critical for densification of ZrB 2 and other non-oxide
ceramics. Because the oxide impurities are generally present as thin layers on particle
surfaces, distribution ofthe sintering additive as a uniform coating on the surface of
precursor powder particles may be more effective in removing oxide impurities and
promoting sintering of ZrB 2 as compared to the particle additions used in previous studies.
The objective of this study was to sinter ZrB 2 ceramics to near theoretical density
using carbon-coated powders. The thermodynamics of the reactions between carbon and
oxide impurities were analyzed. Furthermore, density, microstructure, and properties
were characterized for sintered ceramics.
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2. Experimental
Commercial Zr82 powder (Grade 8, H. C. Starck, Karlsruhe, Germany) was used as
the starting material. To reduce the particle size of some batches, as-received Zr8 2
powder was attrition milled (Model 0 1-HD, Union Process, Akron, OH, USA) in hexane
(Grade HPLC, Fisher Scientific, USA) at 600 rpm for 2 h in a fluoropolymer-lined bucket,
using cobalt-bonded tungsten carbide (WC(Co)) media and spindle. The milled powder
was dried by rotary evaporation (Rotavapor R-124, Buchi, Flawil, Germany) at 75

oc.

The characteristics of as-received and milled Zr8 2 powders have been reported
previously and are summarized in Table 1 [11].
For the addition of carbon, phenolic resin (Type GP 2074, Georgia Pacific,
Atlanta, GA, USA), which had a carbon yield of 41 wt% after pyrolysis, was dissolved in
acetone and mixed with as-received or attrition milled ZrB 2 powders by ball milling for
24 h. After ball milling, the slurry was dried while stirring at room temperature. The dried
powder was granulated by pulverizing with a mortar and pestle and screening to -50 mesh.
The powder was uniaxially pressed at 30 MPa into cylindrical pellets 12.7 mm diameter
and

~3.4

mm tall, and further compacted by cold isostatic pressing at 300 MPa for 2

minutes.
Prior to sintering, specimens were heated in flowing argon at a rate of 1 °C/min to
700 °C and held for 2 h to decompose the phenolic resin to yield carbon, which coated
the surface ofthe ZrB 2 particles. Sintering was carried out in a graphite element furnace
(Model 3060-FP20, Thermal Technology, Santa Rosa, CA, USA) at temperatures ranging
from 1800 to 2100

oc. The heating schedule included isothermal holds at 1450 and

°C, which were used to allow recovery of the mild vacuum (~ 13 Pa) in the furnace.

1650
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Above 1650 °C, the atmosphere was switched to argon gas at a flow rate of 50 mllmin.
The heating rate was 10 °C/min below 1650

oc and 30 °C/min from

1650

oc to the

sintering temperature. The specimens were held at the final sintering temperature for 2 h
before cooling at a rate of 30 °C/min.
The theoretical density of each batch was estimated using a rule of mixtures
calculation. The bulk density of the sintered specimens was measured by the
Archimedes' method using water as the immersion medium. Each density value was
reported as an average of measurements from two pellets. Microstructure observations
were performed using a field emission scanning electron microscope (SEM, Model
S4700, Hitachi, Japan), equipped with energy dispersive X-ray spectrometry (EDX,
Model Phoenix, EDAX, NJ, USA) for composition analysis. For SEM analysis, cross
sections were cut from sintered specimens, polished to 0.25 J...Lm with successively finer
diamond suspensions, and then thermally etched in argon at 1600 °C for 30 min.
Thermodynamic calculations were performed using thermochemical software (HSC
Chemistry 5.11, Outokumpu Research Oy, Pori, Finland). Vickers' hardness tests (Model
Duramin-5, Struers Inc., Westlake, OH) were performed at a load of2.0 kg ( 19.6 N) and
a dwell time of 15 s. Fracture toughness (K 1c) was calculated using the method of direct
crack measurements [ 19] with a load of 2.0 kg. At least 10 measurements were averaged
for each reported value.

3. Results and discussion

3.1. Particle size and carbon content
Fig. 1 shows the relative density of Zr8 2 as a function of the amount of carbon added
for specimens sintered at 1900 °C for 2h. For specimens prepared from as-received Zr82
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powder, the sintered density increased from 61.0% when no carbon was added to 95.5%
when 2.0 wt% carbon was added. For the attrition milled Zr8 2 powder, the relative
density also increased substantially for specimens with carbon compared to the specimen
without carbon. The milled Zr8 2 sintered with at least 1.0 wt% carbon reached >99%
relative density at 1900 °C.
In general, the sintered densities of the specimens prepared from milled Zr8 2 powder
were higher than those prepared from as-received Zr8 2 powder. The higher densities
were attributed to the decreased particle size of the milled powder, which should result in
a higher driving force for densification. The exception to this trend was the unmilled
specimen with 0.5 wt% carbon, which had a higher sintered density (89.5 %) than that of
its milled counterpart (72.4 %) (Fig. 1). Milling increased the oxygen impurity content of
the powders mainly due to increased specific surface area (Table 1). Apparently, 0.5 wt%
carbon was not enough to effectively remove the surface oxide impurities from the milled
powder, and substantial densification could not be achieved with this carbon content.
However, the as-received Zr8 2 powder, which had a lower oxygen content, could be
sintered to a higher final density with 0.5 wt% carbon. At carbon contents of 1.0 wt% and
higher, sufficient carbon was present to remove the oxides from the milled powders and
promote densification.
Based on these experiments, it was obvious that the carbon coating improved the
densification ofboth as-received and milled Zr82. In the present study, carbon was used
as a sintering aid, in part, because it could be uniformly coated onto the surface of the
ZrB 2 particles. The coating was deposited using a phenolic resin solution, which was
subsequently converted to a carbon coating by charring. Unlike previously reported
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sintering aids that have been added as discrete particles, it was thought that the carbon
coating method used in this study may be more effective because of the uniform
distribution of the sintering aid on the surface of the ZrB 2 particles where the oxide
impurities were concentrated.

3.2. Thermodynamics
At elevated temperatures, carbon reacts with Zr02 and B 20 3 by the classic
carbothermal reduction reaction, which is used to synthesize ZrB 2 commercially:
Zr02 + B203 (1) + SC = ZrB2 + SCO (g)

(1)

Thermodynamic calculations indicate that Reaction ( 1) is favorable above 1508 °C in the
standard state (pCO

=

1.013 x 10 5 Pa or 1 atm). Zhao et al. showed that Reaction ( 1)

occurred above 1490 °C at ambient pressure [20]. In the present study, a mild vacuum
(pressure

~ 13

Pa) was maintained when the furnace was below 1650 °C. At this reduced

pressure, Reaction (1) becomes thermodynamically favorable at temperatures as low as
1035 °C (Fig. 2). By reacting with carbon, the surface oxides were converted to very fine
ZrB 2 particles and CO gas, which was readily removed by the vacuum. Previous studies
have shown that B20 3 liquid may evaporate by~ 1450 °C under mild vacuum [21]. If
B 20 3 loss results in an excess of Zr02, based on the stoichiometry of Reaction ( 1), then
the residual Zr0 2 could react with carbon to form ZrC according to Reaction (2):
Zr0 2 + 3C

=

ZrC + 2CO (g)

This reaction is thermodynamically favorable above 1166

(2)

oc under 13 Pa pressure.

However, based on the Zr-B-C phase diagram, the solubility limit of ZrC in ZrB 2 is 4.5
wt% [22]. Therefore, the ZrC that was formed by reaction could form a solid solution
with ZrB 2. As a result, the oxide impurities present on the powder surfaces can be
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removed by Reactions ( 1) and/or (2). If the oxides are not removed, they promote
coarsening of ZrB2 and, consequently, inhibit densification at higher temperatures [ 17, 18].
Furthermore, the very fine Zr8 2 particles formed in situ by Reaction ( 1) may have a high
sinterability, which could provide a higher driving force for the densification. Fig. 3 is a
schematic diagram showing the reactions between the carbon coating and the surface
oxides on Zr82 particles.

3.3. Temperature
The relative density was also studied as a function of the sintering temperature for
milled ZrB 2 with 1. 7 wt% carbon added. As shown in Fig. 4, the specimens without
carbon reached

only~ 70%

relative density after sintering at 2100 °C, while the

specimens with 1. 7 wt% carbon reached >99% relative density when sintered at
temperatures as low as 1900

oc. Even though ~8 wt% WC(Co) was present in the milled

powder (Table 1), the WC(Co) alone did not substantially promote the densification of
Zr8 2 at the temperatures studied. In fact, previous research has shown that WC is only an
effective sintering aid above 2100

oc [10]. Similarly, the Co was not thought to have a

significant influence on the densification behavior [ 10]. Based on the combination of
observations and previous results, the milled Zr82 specimens were sintered to near
theoretical density due to the combined effects of the sintering aid (carbon) and the
reduction of particle size.

3.4. Microstructure and properties

Fig. 5 shows SEM images of Zr8 2 specimens sintered with carbon additions. The
bright areas in the micrographs were analyzed by EDX and were found to contain WC
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and a small amount of Co. The impurities were introduced by the attrition milling process
using Co-bonded WC milling media. Abnormal grain growth was observed for the
specimen sintered at 1900

oc with 1.0 wt% carbon (Fig. 5 (a)). Elongated grains up to

-20 !lm long were observed. When 1. 7 wt% carbon was added, a reduced level of grain
growth was observed (Fig. 5 (b)). The maximum grain length

was~ 14

!lm in this

specimen. In Fig. 5 (c), no elongated Zr8 2 grains were observed, but some carbon
agglomerates were found by SEM/EDX analysis in the microstructure ofthe specimen
sintered with 3.4 wt% carbon. Due to the anisotropic grain growth and wide distribution
of grain sizes, it was difficult to quantify the average grain sizes of these specimens.
However, based on these SEM observations, carbon was effective at reducing grain
growth in Zr8 2 , presumably due to the combined effects of removing the oxide impurities
before sintering and decreasing the grain boundary mobility (i.e. grain pinning) during
the sintering process. In Fig. 5 (d), significant grain growth occurred at a higher sintering
temperature (21 00 °C), although this specimen had the same amount of carbon as the one
sintered at 1900 °C. Elongation of Zr8 2 grains occurred during grain growth because of
the anisotropy of its crystal structure [8]. It was also noteworthy that carbon-rich regions
were found in Fig. 5 (d), while this phenomenon was not obvious in Fig. 5 (b). As
expected, carbon could be more readily accommodated at the grain boundaries than
within the lattice of Zr8 2 , since the Zr-8-C phase diagram shows limited solubility of
carbon in Zr8 2 [22]. This could lead to carbon aggregation during the growth of Zr82
grains, which resulted in the decrease of the number of grain boundaries.
Preliminary mechanical properties ofthe sintered ceramics are summarized in Table
2. For the Zr8 2 ceramics sintered at 1900 °C, the Vickers' hardness decreased from 16.4
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to 14.1 GPa when the amount of carbon increased from 1.0 to 3.4 wt%. The decrease in
hardness could be attributed to the presence of a carbon-rich phase (shown in Fig. 5).
Sakai et al. reported that carbon, heat treated at 1800 to 2300 °C, exhibited a low
hardness with values in the range of0.44 to 0.66 GPa [23]. Therefore, the higher content
of the softer, carbon-rich phase in the sintered Zr8 2 was regarded as the source of more
severe plastic deformation during the indentation process, which resulted in a decreased
hardness [24]. Considering the standard deviation of the data, the fracture toughness
values of all the specimens, ranging from 2.8 to 3.3 MPa·m 112 , were statistically identical
to each other.

4. Conclusions
Zr82 ceramics were sintered to near theoretical density at temperatures as low as
1900

oc without the application of external pressure using carbon-coated starting

powders. Carbon additions were found to effectively remove oxide impurities (Zr02 and
8 20

3)

on the surface of Zr8 2 particles through reactions, which were favorable at

temperatures much lower than the sintering temperature based on the thermodynamic
calculations. Zr8 2 powder that was attrition milled was found to have better sinterability
than the as-received powder, primarily due to the effect ofthe reduction of particle size.
However, carbon additions of 1.0 wt% or higher were required to sinter milled Zr82 to
full density due to its higher oxygen content (3.0 wt%) compared to unmilled ZrB2 (0.9
wt%). SEM analysis revealed that carbon inclusions had the effect of reducing grain
growth in ZrB 2 . Furthermore, higher carbon contents resulted in decreased hardness.
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Fig. 1. The relative density of as-received and attrition milled ZrB 2 sintered at 1900°C for
2 h as a function of the amount of carbon added.
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formation of surface oxides on Zr82

8203{1) = B203(g)

Zr02+C = ZrC +CO(g)

Zr02+8203(1)+5C = Zr82+SCO(g)

Zr82+5/202 = Zr02+8203

heating

heating

•

~
vacuum

vacuum

carbon coating
surface oxides (Zr02+8203)

residual Zr02

residual carbon

Fig. 3. Schematic diagram showing the reactions between the carbon coating and the
surface oxides on ZrB 2 particles.
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Fig. 5. SEM images of the polished, thermally etched surfaces of milled ZrB 2 : (a)
sintered at 1900 °C with 1.0 wt% carbon; (b) sintered at 1900 °C with 1.7 wt% carbon; (c)
sintered at 1900 °C with 3.4 wt% carbon; and (d) sintered at 2100 °C with 1. 7 wt%
carbon.
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Tables

Table 1. Characteristics of as-received and attrition milled ZrB 2 powders*
powder

particle size
(Jlm)

specific surface
area (m 2/g)

as-received
2
1
ZrB2
~0.5
9
milled ZrB2
* Data summarized from reference [ 1 1]

oxygen content
(wt%)

WC(Co) content
(wt%)

0.9

0

3.0

8

Table 2. Vickers' hardness (HV2.0) and fracture toughness

(K~c)

of sintered ZrB 2

ceramics prepared from attrition milled powders
carbon content
(wt%)
1.0
1.7

3.4

sintering temperature
(°C)
1900
1900
1900

HV2.0
(GPa)
16.4 ± 0.5
15.5 ± 0.6
14.1±0.5

K1c
(MPa·m 1' 2)
3.0 ± 0.2
2.8 ± 0.2
3.3±0.1
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2. PRESSURELESS SINTERING OF ZIRCONIUM DIBORIDE USING BORON
CARBIDE AND CARBON ADDITIONS

Sumin Zhu,* William G. Fahrenholtz,* Gregory E. Hilmas,* and Shi C. Zhang*
Department of Materials Science and Engineering, University of Missouri-Rolla, Rolla,
Missouri 65409

Abstract

The synergistic roles of boron carbide and carbon additions on the enhanced densification
of zirconium diboride by pressureless sintering have been studied. Zirconium diboride
was sintered to >99% relative density at 1900°C. The combination of 2 wt% boron
carbide and 1 wt% carbon promoted densification by removing surface oxide impurities
(Zr0 2 and B 2 0

3)

and inhibiting grain growth. Four-point bending strength (473 ± 43

MPa), Vickers' microhardness (19.6 ± 0.4 GPa), fracture toughness (3.5 ± 0.6 MPa·m 1 2 ),
and Young's modulus (507 GPa) were measured. Thermal gravimetry showed that the
combination of additives did not have an adverse effect on the oxidation behavior.

This work was supported by the National Science Foundation under grant number DMR0346800.
*Member, The American Ceramic Society.
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I. Introduction
Zirconium diboride (ZrB2) is a covalent compound with a hexagonal AlB 2
structure. Among its properties, ZrB 2 has an ultra-high melting point (>3000°C), high
Young's modulus (~500 GPa), high hardness (23 GPa), low electrical resistivity (~10· 5
Q·cm), high thermal conductivity (>60 W/m·K), and resistance to chemical attack. 12 The
combination ofthese characteristics makes ZrB 2 and ZrB 2-based ceramics useful for high
temperature structural applications, such as cutting tools, thermal protection for
hypersonic vehicles, molten metal crucibles, high temperature electrodes and thermowell
tubes for steel refining. 3 .4
Densification of ZrB2, without additives, typically requires hot pressing at 210023000C due to its strong covalent bonding and the presence of surface oxide impurities. 5
Dense ZrB 2 ceramics have been fabricated at temperatures below 2000°C with additives
such as metals (e.g., Fe, Ni) or ceramics (e.g., SiC, Si 3 N 4 ). 6 Despite improved
densification, the secondary phases derived from these additives can cause mechanical
degradation at high temperatures. Furthermore, hot pressing is limited to simple
geometries. In comparison, pressureless sintering offers the advantage of processing to
near-net-shape. Several sintering additives have recently been reported to promote
pressureless sintering of ZrB 2. For example, ZrB2-20vol% MoSi2 was sintered to near full
density at 1850°C. 7 Enhanced densification was attributed to liquid phase formation.
Further, ZrB 2 attrition milled using WC media was sintered to near theoretical density at
1850°C with the addition of 4 wt% B 4 C~ or at 1900°C with 1.7 wt% carbon. 9 Enhanced
densitication was attributed to the sub-micron particle size and the removal of surface
oxides (Zr0 2 and 8 20

3)

by reaction with the sintering aids. However, with either B 4 C or
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carbon alone, as-received ZrB 2 powder (i.e., no attrition milling) only reached

~95%

relative density after sintering at 2000°C. In addition, carbon additions of 1. 7 wt% or
more resulted in the presence of residual carbon in the sintered ceramics. 9 The residual
carbon was thought to be undesirable since it usually reduces the strength of non-oxide
ceramics.
In this communication, the densification of Zr8 2 powder was improved using a
combination of 2 wt% 8 4 C and 1 wt% carbon. Thermodynamic analysis was performed
to assess the synergistic roles of the sintering additives. The microstructure, mechanical
properties and oxidation behavior of the sintered ZrB 2 ceramics were characterized.

II. Experimental Procedure
Commercially available Zr8 2 (Grade 8, H. C. Stark, Karlsruhe, Germany) and
8 4 C (Grade HS, H. C. Stark, Karlsruhe, Germany) powders were used as raw materials.
The main characteristics of these powders are summarized in Table I. Carbon was
introduced in the form of phenolic resin (Type GP 2074, Georgia Pacific, Atlanta, GA),
which had a carbon yield of 41 wt% as determined by thermogravimetric analysis (TGA,
Model ST A409, Netzsch, Bavaria, Germany). As-received ZrBz powder was mixed with
2 wt% 8 4 C powder (4.5 vol%) and 1 wt% carbon (2.5 vol%) in acetone by ball milling
for 24 h using WC media. The slurry was then dried and granulated by pulverizing with a
mortar and pestle and screening to -80 mesh. The powder was uniaxially pressed at 30
MPa into cylindrical pellets (44 mm diameter and 4 mm tall) and further compacted by
cold isostatic pressing at 300 MPa.
The pellets were heated at 1°C/min in flowing argon to 700°C to char the
phenolic resin and produce carbon. Previous analysis has shown that addition of carbon
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by this method resulted in the formation of a thin coating on the particle surfaces. 9 After
charring, sintering was carried out in a graphite furnace (Model 3060-FP20, Thermal
Technology, Santa Rosa, CA). Specimens were placed in a graphite crucible lined with
boron nitride coated graphite foil and heated from room temperature to 1600°C in a mild
vacuum

(~25

Pa). The heating rate was l0°C/min with 1 h isothermal holds at 1450 and

1600°C. Above 1600°C, the furnace was backfilled to 1 atm with flowing argon to reduce
grain coarsening caused by vapor transport. The furnace was heated at 30°C/min from
1600°C to 1900°C followed by a 2 h dwell before cooling to room temperature at
30°C/min. For comparison, the same ZrB 2 powder without additives was also sintered
using the same procedure.
The bulk density of the sintered specimens was measured by Archimedes' method,
while the relative density (RD) was estimated using a true density value (5.9 g/cm 3 )
estimated using the rule of mixtures. Microstructures were characterized using a field
emission scanning electron microscope (SEM, Model S4700, Hitachi, Tokyo, Japan),
equipped with energy dispersive X-ray spectroscopy (EDS, Model Phoenix, EDAX,
Mahwah, NJ). ZrB 2 grain sizes were determined from SEM images using an image
analysis software package (ImageJ, National Institute of Health, Bethesda, MD). The
average grain size was calculated by measuring at least 100 grains. Thennochemical
software (HSC Chemistry 5.11, Outokumpu Research Oy, Pori, Finland) was used for the
thermodynamic calculations. Young's modulus(£) was measured on a 35 mm diameter
disc-shaped specimen by impulse excitation ofvibration (Model MK4-I Grindosonic, J.
W. Lemmens, St. Louis, MO) according to ASTM standard Cl259-01. The strength was
measured according to ASTM standard C 1 161-02c. Type A bars ( 1.5 x 2 x 25 mm 3) were
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fractured in four-point bending using inner and outer spans of 10 mm and 20 mm,
respectively, and a crosshead speed of0.2 mm/min. Ten bars were tested. Vickers·
microhardness was measured by indentation on polished sections with a load of9.8 N
and a dwell time of 15 s (Model Duramin-5, Struers Inc., Westlake, OH). The direct
crack measurement method 10 was used to estimate the fracture toughness (K 1c). At least
10 measurements were averaged for the reported microhardness and fracture toughness
values. Oxidation behavior was evaluated by TGA in an alumina crucible with a heating
rate of 5°C/min in flowing dry air (25 cm 3 /min) up to 1500°C. The test specimen was a
rectangular bar with dimensions of 1.5 mm by 2.0 mm by 10 mm and was cut from a
sintered pellet.

III. Results and Discussion
As shown in Table II, Zr8 2 sintered at 1900°C with a combination of8 4 C and
carbon reached >99% RD. For comparison, additive-free Zr8 2 reached only 61% RD at
the same temperature. Previous research showed that the same Zr82 powder sintered to
-95% RD with 4 wt% 8 4 C at 2050°C 8 or -95% RD with 2 wt% carbon at 1900°C. 9
Therefore, the combined additives enhanced the densification of Zr82 more than the
individual additives.
Removal of surface oxides has been shown to be critical to the densification of
boron-containing ceramics, such as 8 4 C and Ti8 2. 11 "12 It is generally believed that surface
oxygen contamination in the form of 8 20

3

and Zr02 inhibits the densification of Zr82 by

promoting coarsening through evaporation-condensation at intermediate temperatures
(1500-1800°C). 6 · 11 The addition of reactive additives has been found to substantially
enhance densification by removing surface oxygen impurities. 8 ' 9 In the present study,
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B4C and carbon were used together. Carbon was added in the form of phenolic resin,
which enabled it to be distributed uniformly around the ZrB 2 and B4C through the
formation of carbon coatings on the powder surfaces. 9 The additives reduce the oxides
through processes like those described by the following reactions:
?Zr02 + 5B4C

~

?ZrB2 + 5CO(g) + 38 203 (1)

2Zr02 + B4C + 3C

~

Zr02 + B203 (1) + 5C

2ZrB 2 + 4CO(g)
~

ZrB 2 + 5CO (g)

(1)

(2)
(3)

Because of the actively pumped vacuum used for sintering below 1600°C, the CO
produced as a gaseous product was constantly removed from the system, and its partial
pressure would, therefore, remain below the measured vacuum level (-25 Pa).
Thermodynamic calculations indicate that Reactions ( 1)-(3) become favorable above 928,
1000, and 1044°C, respectively, assuming a CO partial pressure of25 Pa.
For ZrB2, both Zr02 and B203 are present on the surface. Thermodynamically,
Reaction ( 1) has the highest driving force and is thought to be the main reaction
responsible for Zr0 2 removal when ZrB 2 is sintered with B 4C alone. 8 However, this
reaction leads to the formation ofliquid B203, which will promote grain coarsening (and
thereby inhibit densification) if it is not removed. Although B203 volatilizes above
1200°C under vacuum when no reactive additives are used, around 10% liquid B20 3 may
be retained in ZrB 2 powder compacts up to at least 1400°C in the menisci between the
grains. 13 Analysis of Reactions (2)-(3) indicates both Zr02 and liquid B203 can be
removed by reaction in the presence of carbon and B4C. Thus, the carbon may facilitate
B 2 0 3 removal more effectively than when B4C is used alone. Thermodynamically, the
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combination of8 4C and carbon additions removed surface oxides more effectively
compared to either additive alone by reacting with both Zr0 2 and 8 2 0

3.

Fig. 1 shows the microstructure of Zr8 2 sintered at 1900°C with B 4 C and carbon
additions. Much of the apparent porosity in the polished section is thought to be due to
grain pullout (Fig. 1(a)). SEM observations confirmed that the ceramic reached near full
density, with less than 1% closed porosity measured by image analysis. EDS analysis
indicated that the dark phase was 8 4 C, which was mainly distributed intergranularly,
although a small fraction was located within Zr8 2 grains. Residual carbon, however, was
not discernible from the SEM or EDS analysis. Carbon could be consumed either by
reaction with oxides (Reactions (2) and/or (3)) or by dissolution into the Zr8 2 matrix. The
binary ZrB 2 -C phase diagram 14 indicates that the carbon solubility in Zr8 2 is less than 2
at.%

(~0.2

wt%), implying that only a small fraction of the carbon could be consumed by

dissolution into ZrB 2 . The fracture surface (Fig. 1(b)), with a higher magnification inset
image, was typical of intragranular fracture, which indicates strong bonding in the grain
boundaries owing to the removal of oxygen contamination. Despite the fact that WC
media were used for ball milling, no WC was observed in the microstructure, which
indicated that

we

impurity content was minimal in this material.

Table II contains the grain size and mechanical property data for the sintered Zr8 2
ceramic. The grain size (4.1 ± 2.0 t-tm) of dense ZrBz was approximately twice as large as
the average particle size (2 t-tm) of the starting powder. Therefore, significant grain
growth was inhibited by the presence of 8 4 C and carbon in the b'Tain boundaries.~- 9 The
Zr8 2 ceramic with a grain size of ~4 t-tm had a tour-point bend strength of 4 73 ± 43 MPa,
which is about twice as high as strengths that have been reported for Zr82 ceramics with
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grain sizes of several tens ofmicrometers (200 to 375 MPa). 3· 15 The finer grain size and
oxygen free grain boundaries are, presumably, the main reasons for the improved bend
strength. The Vickers' microhardness was 19.6 ± 0.4 GPa, which is comparable to that of
single crystal ZrB 2 (-20 GPa). 16 The grain boundaries should pin dislocations, which may
result in higher hardness of polycrystalline ZrB 2 than the single crystal. However,
hardness of the sintered ceramic can also be lowered significantly due to the residual
stresses caused by the anisotropic thermal expansion behavior of Zr8 2. 17 The measured
fracture toughness (3.5 ± 0.6 MPa·m 112 ) was somewhat lower than some values reported
for Zr8 2 (4-5 MPa·m 112 ), 3 but comparable to a value of3.5 ± 0.3 MPa·m 1 2 reported
i

recently for the hot pressed ZrB 2 with a grain size of -6 J-lm. 1l:! The additions of B4C and
carbon do not seem to enhance the fracture toughness of ZrB2 ceramics. As shown in Fig.
I (b), the fracture was predominantly intragranular. So, crack deflecting mechanisms were
not operating and thus the fracture toughness was low. The Young's modulus (E) of
sintered ZrB 2 was 507 GPa, which agrees well with the single crystal value of 500 GPa. 19
The mass gain for pure ZrB 2 ceramics has been generally reported to be more than
10 mg/cm 2 up to 1500°C during non-isothermal oxidation in dry air. 4' 20 As shown in Fig.
2, the sintered Zr8 2 in this study showed a normalized mass gain of 8.5 mg/cm 2 after
heating to 1500°C. The lower mass gain may be due to the high relative density. In
addition, the presence of B4C could facilitate the fonnation of a glassy B203 layer that
would act as a barrier to the diffusion of oxygen at intermediate temperatures. 21 Based on
Figure 2, oxidation of sintered ZrB 2 was also found to be comparable to that reported for
hot pressed materials4 despite the addition of two sintering aids (B4C and carbon).
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IV. Summary
ZrB 2 powder was densified by pressureless sintering to >99% RD at 1900°C
using a combination ofB 4C and carbon additives. The addition of2 wt% B 4C and 1 wt%
carbon not only promoted densification by reacting with the surface oxides, but also
inhibited grain growth. Starting from a commercial powder with an average ZrB 2 particle
size of 2 Jlm, the sintered ceramic had an average ZrB 2 grain size of -4 Jlm. Fine grain
size and lower oxygen content resulted in a high strength (473 ± 43 MPa). In contrast, the
additions did not improve fracture toughness, which was -3.5 MPa·m 1/2. Young's
modulus (507 GPa) and Vickers' microhardness (19.6 ± 0.4 GPa) were comparable to
those reported for single crystal ZrB 2. The additions of B 4C and carbon did not impair the
oxidation resistance of ZrB 2. Based on this study, the combination of 84C and carbon
promoted the densification of ZrB 2 at lower temperatures than either additive alone by
reacting with and facilitating the removal ofboth 8203 and Zr02 from the particle
surfaces.

Reference
1 R. A. Cutler, ··Engineering Properties of Borides": pp. 787-811 in Ceramics and

Glasses, Engineered Materials Handbook, Vol. 4. Edited by S. J. Schneider Jr. ASM
International, Materials Park, OH, 1991.
2M. J. Gasch, D. T. Ellerby, and S.M. Johnson, "Ultra High Temperature Ceramic
Composites": pp. 197-224 in Ham/hook q(Ceramic Composites, Edited by N. P. Bansal.
Springer, New York, 2005.
3 C. Mroz, "Zirconium Diboride,'' Am. Ceram. Bull., 74 [6] 164-65 (1995).

92
4 W. G. Fahrenholtz. G. E. Hilmas, I. G. Talmy, and J. A. Zaykoski. "'Refractory
Diborides of Zirconium and Hafnium." J. Am. Ceram. Soc., 90 [5] 1347-64 (2007).
5 fl. Pastor, "Metallic Borides: Preparation of Solid Bodies. Sintering Methods and
Properties of Solid Bodies"; pp. 457-93 in Boron and Refractory Borides, Edited by V. I.
Matkovich. Springer, New York, 1977.
6 f. Monteverde, S. Guicciardi, and A. Bellosi, '"Advances in Microstructure and
Mechanical Properties of Zirconium Diboride-Based Ceramics," Mater. Sci. Eng., A346,
310-9 (2003).
7 D. Sciti, S. Guicciardi, A. Bellosi and G. Pezzotti, "'Properties of a PressurelessSintered ZrB 2-MoSh Ceramic Composite," J. Am. Ceram. Soc., 89 [7] 2320-22 (2006).
8 S.C. Zhang, G. E. Hilmas, and W. G. Fahrenholtz, •'Pressureless Densification of
Zirconium Diboride with Boron Carbide Additions:' J. Am. Ceram. Soc., 89 [5] 1544-50
(2006).
9 S. Zhu, W. G. Fahrenholtz, G. E. Hilmas, and S.C. Zhang. '"Pressureless Sintering of
Carbon-Coated Zirconium Diboride Powders," Mater. Sci. & Eng. A, in press,
doi: 10.1 016/j.msea.2007.02.116.
10 G. R. Anstis, P. Chantikul, B. R. Lawn, and D. B. Marshall, ""A Critical Evaluation of
Indentation Techniques for Measuring Fracture Toughness: I, Direct Crack
Measurements," J. Am. Ceram. Soc., 64 (9] 533-38 (1981 ).
11 H. Lee and R. F. Speyer, ''Pressureless Sintering of Boron Carbide," J. Am. Ceram.
Soc., 86 (9] 1468-73 (2003).

12 S. Baik and P. F. Becher, "'Effect of Oxygen Contamination on Densification ofTiBz ...
J. Am. Ceram. Soc., 70 [8] 527-30 ( 1987).

93
13 I. G. Talmy, J. A. Zaykoski, and M.A. Opeka, "'Properties ofCeramics in the
ZrB 2/ZrC/SiC System Prepared by Reactive Processing": Ceramic Engineering and
Science Proceedings, 19 [3] 105-112 (1998).

14 Figure 8874 (C); p. 205 in Phase Diagramsfor Ceramists, Vol. X, ed. by A.E. McHale,
The American Ceramic Society, Westerville, OH, 1994.
15 G.-J. Zhang, Z.-Y. Deng, N. Kondo, J.-F. Yang, and T. Ohji, ''Reactive Hot Pressing
of ZrB 2-SiC Composites," J. Am. Ceram. Soc., 83 [9] 2330-32 (2000).
16 Y. Xuan, C. Chen, and S. Otani, "High Temperature Microhardness of ZrB 2 Single
Crystals,'' J. Phys. D: Appl. Phys., 35, L98-1 (2002).
17 A. L. Chamberlain, W. G. Fahrenholtz, and G. E. Hilmas, ''Pressureless Sintering of
Zirconium Diboridc," J. Am. Ceram. Soc., 89 [2] 450-56 (2006).
18 A. L. Chamberlain, W. G. Fahrenholtz, G. E. Hilmas, and D. T. Ellerby, ''HighStrength Zirconium Diboride-Based Ceramics,'' J. Am. Ceram. Soc., 87 [6] 1170-72
(2004).
19 N. L. Okamoto, M. Kusakari, K. Tanaka, H. lnui, M. Yamaguchi, and S. Otani.
"'Temperature Dependence of Thermal Expansion and Elastic Constants of Single
Crystals of Zr8 2 and the Suitability of Zr82 as a Substrate forGaN Film." J. Appl. Phys.,
93 [1] 88-93 (2003).

20 F. Monteverde and A. Bellosi. '"Oxidation of ZrBrBased Ceramics in Dry Air." J.
Electrochem. Soc., 150 [ 11] 8552-59 (2003 ).

21 C. A. A. Cairo, M. Florian. M. L.A. Graca. and J. C. Bressiani, "Kinetic Study by
TGA of the Effect of Oxidation Inhibitors for Carbon-Carbon Composites," Mater. Sci.
Eng., A358, 298-303 (2003 ).

94

Figures

10 1Jm

20 fJm
Fig. 1. (a) Polished section and (b) fracture surface of ZrB2 sintered at 1900°C with a
combination ofB 4 C and carbon additions. The grey phase is ZrB2, the dark phase is B4 C,
and the residual carbon is not discernible.
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Fig. 2. Mass gain in air as a function of temperature for sintered ZrB2 by TGA with a
heating rate of 5°C/min.
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Tables

Table 1. Characteristics ofthe starting ZrB2 and B4 C powders.
Material

Grade
B
HS

Average particle
size (J.Lm)
2
0.8

Specific surface
area (m 2/g)
1.0
15.8

Oxygen content
(wt%)
0.9
1.3

Table 2. Physical and mechanical properties of ZrB2 sintered at 1900°C.

Properfl:
Relative density
ZrB2 grain size
Four-point bend strength
Fracture toughness
Vickers' microhardness
Young's modulus

Value
>99%
4.1 ± 2.0 Jlffi
473 ± 43 MPa
3.5 ± 0.6 MPa·m 112
19.6 ± 0.4 GPa
507 GPa

Supplier
H.C. Starck
H.C. Starck
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3. ENHANCED DENSIFICATION AND MECHANICAL PROPERTIES OF ZrB 2SiC PROCESSED BY A PRECERAMIC POLYMER COATING ROUTE

Sumin Zhu, William G. Fahrenholtz and Gregory E. Hilmas
Department of Materials Science and Engineering, Missouri University of Science and
Technology, Rolla, MO 65409, USA

Abstract
Dense ZrB 2-SiC ultra-high temperature ceramics were prepared by a novel pressureless
sintering process. The relative density of sintered ceramics increased from 62.5% for
ZrB 2 to 96.7% by coating the starting ZrB 2 powder with polycarbosilane, which was
converted to C and SiC by pyrolysis. The mechanism of enhanced densification and the
mechanical properties of the sintered ZrBrSiC ceramics were investigated.

Keywords: Zirconium diboride (ZrB 2 ); Silicon Carbide (SiC); Preceramic
Sintering; Mechanical properties
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Zirconium diboride (ZrB2) belongs to the family of materials known as ultra-high
temperature ceramics (UHTCs). ZrB 2 based UHTCs with appropriate compositions are
attractive for high temperature structural applications because of their unique
combination of high melting point, high strength and hardness, high thermal and
electrical conductivity, thermal shock resistance, and chemical stability. Typically, SiC
particulates are added to ZrB2, which increases the strength and fracture toughness as
well as the oxidation resistance of the resulting ceramics [ 1].
Despite attractive properties and potential applications, processing costs and
densification remain challenges for the fabrication of ZrB 2-based UHTC components.
Due to its strong covalent bonding, and the presence of surface oxide impurities, sintering
of ZrB 2 based compositions is difficult. Densification of Zr82, without additives,
typically requires hot pressing at 21 00-2300°C [2]. In addition to cost, hot pressing is
limited to fabrication of ceramic parts with simple geometries, which require subsequent
(expensive) diamond machining to produce the desired shape. Compared to hot pressing,
pressureless sintering offers the advantage of processing to near-net-shape. Recently,
ZrB 2 based ceramics have reached over 95% relative density by pressureless sintering.
Additives such as MoSh [3], B4C [4], C [5], or a combination of84C and C [6, 7] reduce
the densification temperature to 2150°C or lower. Enhanced densification was attributed
to either the formation of liquid phase [3] or the removal of oxide impurities from the
surface of ZrB2 [4-7].
As an alternative to conventional powder processing methods, preceramic polymers
have been developed as precursors for fibers, coatings, composites, etc. [8-1 0].
Preceramic polymer derived ceramics have the advantages oflower processing
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temperatures and finer grain sizes compared to other processes. Polycarbosilane (PCS),
which has a chemical formula usually expressed as [-HSiCH 3 -CH 2-]n, is the most widely
used preceramic polymer for SiC ceramics. Among the various materials made from
preceramic polymers, Zank described the use of preceramic polymer binders for the
preparation ofhigh density ZrB 2 ceramics, but limited information was provided about
the sintering mechanism and the properties of the sintered ceramics [ 11]. Recently, PCS
was reported to be an effective additive for hot-pressing ZrB 2 powders [ 12]. However, to
the best knowledge of the authors, no paper has been published in the open literature
discussing the pressureless sintering and properties of ZrB 2 -SiC using PCS. This paper
describes the enhanced pressureless sintering of ZrB 2 -SiC ceramics from PCS-coated
Zr8 2 powder.
The ZrB 2 powder had an average particle size of2 f.!m (Grade B, H. C. Starck,
Karlsruhe, Germany). The PCS (NIPUSI-Type UH, Nippon Carbon, Tokyo, Japan) was
used to coat the ZrB 2 powder. This PCS had a mean molecular weight of 3500 g/mole, a
density of 1.1 g/cm 3 , and it partially melted at ~350°C. The chemical composition of the
PCS is summarized in Table I based on data from the manufacturer. To obtain PCScoated ZrB 2 powder, 7.5 g PCS was dissolved in hexane, and then mixed with 100 g ZrB2
powder to form a slurry. The slurry was gradually dried while stirring at -80°C on a
hotplate. After being ground and sieved to -80 mesh, the dried powder was uniaxially
pressed at 30 MPa into cylindrical pellets (44.5 mm diameter and 3.5 mm thick),
followed by cold isostatic pressing at 300 MPa for 2 minutes.
Prior to sintering, the pellets were heated at 1°C/min in flowing argon to 1ooooc with
a 2 h hold to pyrolyze the preceramic polymer. The chemical composition of the PCS
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pyrolysis product, based on data from the manufacturer, is listed in Table 1. After
pyrolysis, sintering was carried out in a resistively heated graphite element furnace.
Specimens were heated from room temperature to 1600°C in a mild vacuum (-15 Pa).
Above 1600°C, the furnace was backfilled to -10 5 Pa (1 atm) with flowing argon, and
ramped to 2000°C at a heating rate of 30°C/min, followed by a 2 h dwell. For
comparison, pellets made from the same ZrB 2 powder without the PCS coating was
sintered using the same procedure.
The pyrolysis behavior and ceramic yield of PCS were characterized by thermal
gravimetric analysis (TGA; STA-409C, Netzsch, Selb, Germany). The Archimedes'
method was used to measure the bulk density of the sintered specimens. The
microstructure was characterized using field emission scanning electron microscopy
(SEM; S4700, Hitachi, Tokyo, Japan) and chemical compositions were evaluated using
energy dispersive X-ray spectroscopy (EDS; Phoenix, EDAX, Mahwah, NJ). ZrB 2 and
SiC grain sizes were determined from SEM images using an intercept method by
counting at least 100 grains. Thermodynamic analysis was based on commercial
thermochemical software (HSC Chemistry 5.11, Outokumpu Research Oy, Pori, Finland).
XRD analysis was performed to determine the crystalline phases in the sintered ceramic.
Young's modulus (E) was measured on a 35 mm diameter disc-shaped specimen by
impulse excitation ofvibration method according to ASTM Standard C1259-0l. Fourpoint bend strength was tested according to ASTM Standard C1161-02c using ten type-A
bars ( 1.5 x 2 x 25 mm 3 ) with a crosshead speed of 0.2 mm/min (Model 5800, Instron,
Norwood, MA). Microhardness was measured by Vickers' indentation on polished
sections with a load of9.8 Nand a dwell time of 15 s (Duramin-5, Struers Inc., Westlake,
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OH). The indentation strength in bending (ISB) method was used to calculate the
fracture toughness (K 1c) [ 13].
The TGA result indicated that the ceramic yield ofthe PCS was 75 wt%. A previous
study showed that PCS underwent an organic-to-inorganic conversion during pyrolysis
[14]. Considering the weight loss and shrinkage, a slow pyrolysis heating rate (1 °C/min)
was adopted below 1000°C to avoid cracking in the specimens. In addition to 59 wt% Si
and 39 wt% C, 1.9 wt% 0 was also present in the pyrolyzed PCS. Assuming that all of
the 0 reacted with Si to form Si02 and that the remaining Si reacted with C to form SiC,
the pyrolysis product was composed of82 wt% SiC, 3.6 wt% Si02, and 14.4 wt% free C.
In the present study, 7.5 g PCS was added to 100 g ZrB 2 powder. After pyrolysis at
1000°C, the polymer precursor converted to an amorphous inorganic product on the
surface of the Zr8 2 particles. At higher temperatures, the PCS derived amorphous
product began to crystallize into nano-sized

~-SiC

particles, followed by grain growth

[ 15]. The Si02 could be removed at elevated temperatures in the presence of C due to
carbothermal reduction reaction. Based on the above analysis, -8 vol% SiC, and less
than 2 vol% free C, should be present with ZrB2 in the final ceramics.
Recent studies have shown that the presence of oxygen impurities (Zr02 and B203)
on the surface of ZrB 2 particles results in grain coarsening, which inhibits the
densification ofZrB 2 [4-6]. Therefore, enhanced densification ofZrB2 is expected when
grain coarsening is inhibited by removing the surface oxide impurities below the sintering
temperature. In this work, PCS derived C was coated on the surface of ZrB2 particles,
where the undesired oxides were concentrated.
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In addition to the removal of the oxide impurities, another advantage of the
preceramic polymer coating is the distribution of the PCS derived ultra-fine SiC
particulates on the ZrBz grain boundaries. An earlier study showed that the addition of
finer SiC particulates was more effective in pinning ZrB 2 grain growth during
densification [ 16]. Similarly, the presence of PCS derived, ultra-fine SiC particulates on
the surface of ZrBz particles is believed to inhibit grain coarsening during the sintering
process. Attributed to the combined benefits of PCS derived C and SiC on the surface of
the ZrB 2 particles, grain coarsening during sintering was assumed to be inhibited. As a
result, pressureless sintering of ZrB 2 was enhanced. After sintering at 2000°C, ZrB 2
containing PCS derived SiC reached a relative density of96.7% compared to 62.5% for
ZrB 2 without PCS.
Fig. 1 is the XRD pattern of a sintered UHTC produced from PCS coated ZrB 2 . The
only crystalline phases detected were ZrB 2 and 13-SiC. The characteristic peaks
corresponding to ZrB 2 were much stronger than those for 13-SiC, which made up only ~8
vol% in the sintered ceramic. It is worth mentioning that the 13 to a phase transformation
of SiC, which generally causes abnormal grain growth in SiC ceramics, did not occur
after sintering at 2000°C.
Fig. 2 shows a cross-sectional SEM micrograph of ZrBz with a 7.5 wt% PCS addition
after sintering at 2000°C. Grain size measurements indicated that ZrBz grain size (5.1 ±
1.7 ~m) was only about two and halftimes as large as the average particle size (2 ~m) of
the starting powder. Since the 13-SiC crystallite size of the 1000°C pyrolyzed PCS was
generally less than 100 nm [9], the SiC grain size (2.0 ± 0.6 ~m) in the sintered ZrBz-SiC
seemed to be relatively large, probably because of the high processing temperature
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(2000°C). The in situ formation of SiC from PCS resulted in a uniform distribution of
SiC particulates in the dense ZrB 2 matrix and no abnormal grain growth of ZrB 2 was
observed. It was also noticed that the free C derived from PCS pyrolysis was not
discernible in the microstructure. Based on this observation, it was assumed that C was
consumed by its reactions with the oxide impurities. In other studies where C has been
used as a sintering aid, the presence of free C in the final microstructure has resulted in a
reduced strength and hardness [5]. Therefore, the elimination of PCS derived free C
through chemical reactions was believed to be beneficial to the mechanical properties of
the sintered UHTCs. In addition to ZrBz and SiC, a few isolated B 4C particulates were
detected in the microstructure using SEM/EDS analysis. However, B4C was not detected
by XRD analysis (Fig. 1). A possible source for the formation of B 4 C could be the
reaction between PCS derived C and 8 2 0 3 , which was present on the surface of ZrB 2
particles.
Physical and mechanical properties of the ZrBz based UHTCs sintered at 2000°C are
summarized in Table II. The sintered UHTCs had a four-point bend strength of374 ± 17
MPa, which was about l 00 MPa lower than the reported strength (~480 MPa) for
pressureless sintered ZrB 2 ceramics with similar grain sizes (4- 6 J..lm) [ 17]. Flaws such
as closed pores, voids, and cracks could cause a strength decrease of this magnitude.
Using the measured fracture toughness (3.1 ± 0.4 MPa·m L 2 ), the sizes of critical flaws
were estimated using the Griffith equation [ 18]:
(l)

where

rJ

is the fracture strength of the material, K~c is the fracture toughness, Y is a

geometric constant, and c is the flaw size. Assuming the critical flaws in the material
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were surface voids, the geometric constant Y was set as 1. 98, and the calculated flaw size
was in the range of 13.3 to 22.3 J.lm. As shown in Fig. 3, SEM analysis of the fracture
surface revealed voids on the tensile surface of the flexure specimen, which were
comparable in size to the critical flaw size calculated above. The origin ofthese voids
could be the non-uniform mixing of ZrB 2 powder with PCS or the volume contraction
associated with PCS pyrolysis. If the PCS distribution were not uniform, some
agglomerated Zr8 2 particles may not have been coated by PCS. If the oxide impurities
were not removed from these localized regions they could coarsen instead of densifying.
Therefore, the strength of the sintered UHTCs is expected to be enhanced by reducing the
t1aw size (c) through improved processing. Furthermore, a previous study showed that in
ZrB 2 -SiC particulate composites that are free of other strength-limiting t1aws, the t1exure
strength is limited by the size of the SiC particulates [ 16]. Since the SiC crystallite size
was less than 100 nm after PCS pyrolysis, high strength ZrBz based UHTCs with ultrafine SiC inclusions could be fabricated if the SiC grain growth could be controlled.
The fracture toughness (3.1 ± 0.4 MPa·m 112) of the sintered ceramic was similar to the
values reported for other pressureless sintered ZrB 2 based ceramics (3.0- 3.5 MPa·m 12 ),
but lower than that for hot-pressed ZrB 2 with a similar SiC

content(~ 10

vol%), which

was 4.1 ± 0.3 MPa·m 112 [ 1, 17]. When the oxide impurities were removed, pressureless
sintered Zr8 2 based ceramics would have cleaner and, therefore, stronger grain
boundaries, which could have resulted in the fracture path becoming predominantly intragranular as shown in Fig. 3. As a result, toughening by crack deflection was not active.
The measured Young's modulus was 454 GPa for the sintered UHTCs due to the
presence of 3.4% porosity and the lower modulus SiC (450 GPa) compared to ZrB2 (500
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GPa). Despite the presence of SiC particulates and porosity, the measured Vickers'
microhardness and Poisson's ratio were comparable to the reported values for sintered
ZrB 2 in the literature [1, 17].
To summarize, the pressureless densification of ZrB 2 was enhanced using PCS
derived C and SiC. The sintered density was 96.7% for PCS coated ZrB 2 powder
sintered at 2000°C. Densification of ZrB 2 was activated by the removal of surface oxide
impurities (B 2 03 and ZrOz) with C, and ZrB 2 grain growth was pinned by uniformly
distributed SiC particulates. Failure analysis showed that strength ofthe sintered ZrB 2 SiC UHTCs was 374 ± 17 MPa, and could be increased by removing the voids (13.322.3 J..lm) from the microstructure through improved processing. This work provides a
novel way of making high density UHTCs by pressureless sintering, which offers the
advantage oflow cost processing to near-net-shape.
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Fig. 1. XRD pattern of the sintered UHTC showing ZrB 2 and J3-SiC peaks.

108

Fig. 2. Cross-sectional SEM micrograph of ZrBz with 7.5 wt% PCS addition sintered at
2000°C. EDS analysis indicated that the light grey phase was ZrB 2 , the dark grey phase
was SiC, and the darkest phase was B 4 C.
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Fig. 3. SEM micrograph of the fracture surface of sintered ZrB 2 -SiC after four-point bend
testing showing a void (circled) on the tensile surface.
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Tables

Table 1. Chemical compositions of PCS and its products after 1500°C pyrolysis in Ar.

As-received PCS
PCS pyrolysis products

Si
49.4
59

Chemical composition (wt%)
C
H
0
39.5
8.1
1.35
1.9
39
0.1

N
1.65
0.1

Table 2. Physical and mechanical properties of the ZrB 2-SiC UHTCs sintered at 2000°C.

Property
Relative density
ZrB 2 grain size
SiC grain size
SiC content
Four-point bend strength (a)
Fracture toughness (K~c)
Microhardness (HVl.O)
Young's modulus (E)
Poisson's ratio (v)

Value
96.7%
5.1 ± 1.7 Mm
2.0 ± 0.6 Mm
-8 vol.% (calculated)
374±17MPa
3.1 ± 0.4 MPa·m 12
18.7 ± 0.6 GPa
454 GPa
0.15
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4. INFLUENCE OF SILICON CARBIDE PARTICLE SIZE ON THE
MICROSTRUCTURE AND MECHANICAL PROPERTIES OF ZIRCONIUM
DIBORIDE-SILICON CARBIDE CERAMICS

Sumin Zhu, William G. Fahrenholtz, and Gregory E. Hilmas
Department of Materials Science and Engineering,
University of Missouri-Rolla, Rolla, MO 65409, USA

Abstract
The influence of silicon carbide (SiC) particle size on the microstructure and mechanical
properties of zirconium diboride-silicon carbide (ZrB 2-SiC) ceramics was investigated.
ZrBrbased ceramics containing 30 vol.% SiC particles were prepared from four different
a- SiC precursor powders with average particle sizes ranging from 0.45 to 10 J..Lm.

Examination of the dense ceramics showed that smaller starting SiC particle sizes led to
improved densification, finer grain sizes, and higher strength. For example, ceramics
prepared from SiC with the particle size of I 0 J..Lm had a strength of 389 MPa, but the
strength increased to 909 MPa for ceramics prepared from SiC with a starting particle
size of0.45 J..Lm. Analysis indicates that SiC particle size controls the strength of
ZrB2-SiC.

Keywords: Borides; SiC; Composites; Microstructure; Mechanical properties
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1. Introduction

Ultra-high temperature ceramics (UHTCs) include borides, carbides, and nitrides
with melting temperatures above -2700 °C. 1 The UHTCs have been investigated for high
temperature applications including thermal protection systems for hypersonic aerospace
vehicles, high temperature electrodes, and molten metal crucibles. 2 - 5 Recently, zirconium
diboride (ZrB 2 ) based ceramics have been studied because of their unique combination of
low density, high melting temperature and thermal shock resistance as well as excellent
mechanical and chemical stability at high temperatures. 6 - 9
ZrB 2 -SiC ceramics, of suitable composition, are known to have better strength and
oxidation resistance than monolithic ZrB 2 • 10 •11 A recent study of several ZrB 2-based
ceramics demonstrated that ZrB 2 with 30 vol.% SiC addition exhibited the best
combination of strength, fracture toughness, and oxidation resistance. 12 The addition of
SiC particles enhances the oxidation resistance of ZrBz by promoting the formation of a
protective borosilicate glass layer. 13 High strength has been attributed to maintaining a
fine grain size and a uniform distribution ofthe reinforcing phase. 11 Monteverde ct al.
reported that incorporation of ultra-fine SiC improved the sinterability and mechanical
properties of ZrB 2 . 14 · 15 Subsequently, Rezaie et al. proposed that the strength limiting
flaws in ZrB 2 -SiC were the largest SiC particles observed in the microstructure. 16 Based
on the combined evidence, it can be concluded that the size of the SiC particles plays a
critical role in determining the microstructure and mechanical properties of ZrBz-SiC
composites.
In this paper the microstructure and mechanical properties of the hot pressed
ZrB 2 -SiC ceramics, prepared from a single grade of ZrB 2 powder, and four different SiC
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precursor powders, were studied. The sintered density, microstructure, and mechanical
properties were evaluated and compared.

2. Experimental procedure

2.1. Materials and Processing
Commercial ZrB 2 and SiC powders were used in this study. Table 1 lists the
characteristics of the powders based on data from the suppliers. All four SiC powders
were predominantly a-SiC. Prior to hot pressing, the as-received ZrB 2 was hatched with
one of the SiC powders in a 70:30 volume ratio (82: 18 weight ratio) into a
t1uoropolymer-coated tank for attrition milling (Model 01-HD, Union Process, Akron,
OH). The powders were milled in hexane at 600 rounds per minute (rpm) for 2 h, using
Co-bonded WC media and a Co-bonded WC spindle. For the 600 grit SiC, the powder
was added into the milling tank for only the last 15 minutes to minimize particle size
reduction, but still provide adequate mixing. All of the powder mixtures were dried by
rotary evaporation (Model Rotavapor R-124, Buchi, Flawil, Germany) at a temperature of
75 °C, a vacuum of 30 kPa, and a rotation speed of 150 rpm. Powder mixtures were
designated by the letters ZS (for ZrB 2 and SiC) along with the initial size of the SiC
precursor powder. For example, the material prepared from ZrBz and 1.4 1-lffi SiC was
designated ZS 1.4.
The powder mixtures were hot pressed (Model HP-3060, Thermal Technology,
Santa Rosa, CA) in a 44-mm-diameter graphite die lined with BN coated graphite foil.
The temperature of the graphite die was monitored with an infrared pyrometer (Model
OS 3708, Omega Engineering, Stamford, CT). At temperatures below 1650 °C, the
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furnace was heated under

~20

Pa vacuum. Above 1650 °C, the atmosphere was switched

to flowing argon gas. A heating rate of -20 °C/min was used between room temperature
and 1900 °C. When the furnace reached a temperature of 1900 °C, a uniaxial pressure of
32 MPa was applied. The furnace was held at this temperature for 45 minutes. At the end
of the hold, the furnace was cooled at a rate of ~20 °C/min. The load was removed at
-1750°C.

2.2. Characterization
The specific surface areas of the powder mixtures after attrition milling were
characterized using nitrogen adsorption (NOV A 1000, Quantachrome, Boynton Beach,
FL) at 77 K and BET (Brunnauer-Emmett-Teller) analysis. The particle sizes ofthe
milled powders and grain sizes of the densified ceramics were determined from scanning
electron microscopy images (SEM; Model S4700 Hitachi, Tokyo, Japan) using an image
analysis software package (lmageJ, National Institute of Health, Bethesda, MD). A
minimum of 100 measurements were performed for each average value reported. The
bulk density of each hot pressed specimen was measured using the Archimedes· method
with water as the immersing medium. Specimens were saturated by boiling for two hours
and then cooling to room temperature. The true density of each composition was
measured using helium pycnometry (Model 1305 Multivolume, Micromeritics Instrument
Corp., Norcross, GA) on hot pressed materials that were ground to -200 mesh (~ 77 ~-tm)
to expose as much of the closed porosity as possible. The amount of WC incorporated
into each batch was estimated by comparing the measured true density with the density
predicted from the nominal ZrB 2 to SiC ratio (5.2 g/cm 3 for ZrBz + 30 vol.% SiC). The
microstructure of the hot pressed specimens was investigated by examining fracture
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surfaces and polished cross sections in the SEM. Vickers" microhardness measurements
(Model V -1 OOO-A2, Leco, St. Joseph, Ml) were performed at a test load of 0.2 kg (~2 N)
and a dwell time of 20 s. The low test load was used due to cracking problems at higher
test loads in some specimens. An average of 10-12 indentations were taken for each
reported value. Young's modulus (E) and Poisson's Ratio (v) were measured on 44-mm
diameter disc-shaped specimens by impulse excitation of vibration (Model MK4-l
Grindosonic, J. W. Lemmens, St. Louis, MO) according to ASTM standard C1259-01.
The fracture toughness was determined by fracturing specimens after indentation
according to the indentation strength in bending method described by Chantikul et al. 17 A
load of 10 kg was used to produce radial-median cracks before fracturing the specimens
in four point bending. The equation used for calculating fracture toughness,

K~c,

was

(1)

where E is Young's modulus, His Vickers' microhardness,

CJ' 111

is the measured four-

point bend strength after indentation, and P is the indentation load. The fracture
toughness data were based on an average of five measurements for each composition.
The four-point bend strength was measured according to ASTM standard C 1 161-02a.
Type A specimens (dimensions of 1.5 mm by 2 mm by 25 mm) were fractured in fourpoint bending using inner and outer spans of 10 mm and 20 mm, respectively, and a
crosshead speed of 0.2 mm/min. Ten measurements were conducted for each material to
calculate the average strength and the corresponding standard deviations.
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3. Results and discussion
3.1. Powder characterization
The average particle sizes ofboth ZrB 2 and SiC powders decreased substantially
during milling (Fig. 1). For example, the average particle size of SiC decreased from 1.4
!lill to 1.1 11m, and that of ZrB2 from 6.0 11m to 0.6 11m after milling the ZS 1.4 material.

SEM analysis revealed no SiC particles larger than 2 11m in the milled powder mixture of
the ZS0.45 material (Fig. 1(d)). However, some residual SiC particles larger than 2 11m
were observed in the other powder mixtures (Fig. 1(a)-(c)). The BET analysis results
confirmed the difference in particle size of the attrition milled powder mixtures. The
specific surface area of powder mixture ZS0.45 was 10.46 m 2/g, but it was only 4.68
m 2 /g for powder mixture ZS 10. The specific surface areas of powder mixtures ZS 1.4
(6.90 m 2/g) and ZS0.7 (6.94 m 2 /g) were approximately the same, even though the starting
SiC powders had different average particle sizes. To maintain as large of a particle size as
possible, the 10 11111 SiC powder was added near the end of the milling process to retain
larger SiC particles and to avoid the chance of reducing its particle size to the same level
as the other batches.

3.2. Density and microstructure
Each of the powder batches picked up a certain amount ofWC during milling due to
wear of the milling media and spindle. Because the Co-bonded WC used for the media
and spindle had a significantly higher density ( 14.9 g/cm 3 ) than the ZrB2 (6.1 g/cm 3 ) and
SiC (3.2 g/cm 3 ), its presence increased the true density of the resulting powder mixtures.
The bulk density detel111ined by Archimedes· method, the measured true density. the
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relative density of the hot pressed billet, and the estimated WC contents are summarized
in Table 2. The WC content was shown to increase from 1.88 to 3.82 vol.% as the size of
the SiC precursor powder decreased. Presumably, the increase in WC content with the
decrease in starting SiC particle size is related to the efficiency ofthe milling process,
which should decrease as the average particle size decreases. The presence of WC has
been reported to have beneficial effects on both the densification and strengthening of
ZrB2 based ceramics, but the mechanisms have not been fully investigated. 9 • 1 ux

All of the specimens exhibited a high relative density after hot pressing. The relative
density of ZS0.45 reached 99.8%. The other materials had slightly lower relative
densities, but all were greater than 97.4%. The finer SiC powders appeared to have a
beneficial effect on the densification of ZrB2-SiC ceramics since relative density
increased as starting particle size decreased.
The microstructures of the hot pressed composites are shown in Fig. 2, and the
measured grain sizes are summarized in Table 3. Some porosity was observed in the hot
pressed ZS 10 material (Fig. 2(a)), which is consistent with the lower relative density
measured for this material, which was 97.4%. The average grain sizes ofboth Zr8 2 (3.0
~111)

and SiC (6.3 f.!m) oftheZS10 material were much larger than those ofmaterials

prepared from the finer starting SiC powders. By comparison, Fig. 2(d) shows that the
ZS0.45 specimen had little porosity (>99% dense), and it had the finest average grain
sizes of ZrB 2 ( 1.2 flm) and SiC ( 1.0

~m).

Analysis by SEM confirmed that the density of

the specimens prepared from finer SiC starting particles were hot pressed to higher
relative density than materials prepared from larger particles. In addition, the usc of finer
starting particles led to finer Zr8 2 and SiC grain sizes in the final ceramics.

118

Although the starting ZrB 2 powder was the same for all of the specimens in the
present study, the average particle size of the starting SiC powder played an important
role in controlling the final microstructure of the hot pressed composites, including
controlling the ZrB 2 grain size. As shown in Table 3, the average and maximum grain
sizes of ZrB2 are dependent on the size of the starting SiC particles, and this means that
smaller starting SiC particles can be used to produce finer microstructures in hot pressed
ZrB 2-SiC ceramics. Previous research has revealed that SiC particles acted as graingrowth inhibitors in ZrB 2 and TiB 2 ceramics. 1 1.1 9 The results of this study indicate that
finer, well dispersed SiC particles are more effective at pinning grain growth in ZrB 2-SiC
than larger SiC particles.

2.3. Mechanical properties
Young's modulus, Poisson's ratio, Vickers· microhardness, and fracture toughness
were measured for all of the specimens (Table 4 and Table 5). The Young's modulus
appeared to increase as the starting SiC particle size decreased. However, as discussed
above, the density of the hot pressed materials showed a small, but measurable increase
as the starting SiC particle size decreased. Therefore, the effect of porosity on the
Young's modulus must also be considered. The relationship between porosity and
Young's modulus proposed by Nielsen is: 20

E- E
-

o

(I- P)
I

l+(

p

2

(2)

-l)P

where E' is the modulus of specimens at a porosity P, Eo is the modulus without porosity,
and pis the Neilsen shape factor (0.4). Using the measured porosity of0.2% for ZS0.45
(99.8% dense) and a measured modulus of 520 GPa, E 0 , the modulus of the fully dense
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material, would be 524 GPa according to Eq. 2. Further, Nielsen's relationship can be
used to predict modulus values as a function of porosity. For example, a modulus of 478
GPa was calculated for ZrB 2 -SiC with 2.6% porosity. The calculated result is in excellent
agreement with the value of 479 GPa measured experimentally for the ZS 10 (97.4%
dense). In fact, the measured moduli agree with the trend predicted using Nielsen's
relationship and the measured density values as summarized in Table 4. The conclusion
that can be drawn is that elastic modulus was not affected by the size of the ZrB 2 or SiC
particles, as expected for an inherent material property. Similarly, Poisson's ratio did not
vary significantly for any ofthe specimens (Table 5).
The Vickers' microhardness data are summarized in Table 5. The ZS0.45 material
had the highest value at 20.7 GPa, and the ZS 10 material had the lowest microhardness of
17.5 GPa. The microhardness decreased as the initial SiC particle size increased. Both
grain size and relative density could affect the microhardness. Part of the increase in
microhardness observed for a decreasing SiC particle size could be explained through a
grain size effect. As shown in Table 3, the grain sizes ofboth SiC and ZrB 2 decreased as
the starting particle size of the SiC powder decreased. Smaller grain sizes increased the
frequency with which dislocations encounter grain boundaries, thus requiring larger
stresses for defonnation to occur. 21 In addition to the effect of grain size, relative density
also influences microhardness. The pores in ceramics have no resistance to applied stress,
so materials with more porosity have lower apparent microhardness values than the dense
counterparts. Given that the materials prepared for this study showed a decrease in grain
size and an increase in density as the size of starting SiC particles decreased, the trend
observed in the microhardness measurements appears to be reasonable.
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The fracture toughness values for the four different ZrB 2 -SiC composites ranged
from ~4.2 to ~4.6 MPa·m 112 (Table 5). Considering the standard deviation of the data, the
results were statistically identical to each other. However, the fracture toughness for the
ZrBz-SiC composites is substantially higher than that of the monolithic ZrB 2 , which is
reported to be ~3.5 MPa·mJ/2. 11 A probable explanation is the presence of SiC grains in
the microstructure of the composites. Fig. 3 is a SEM image of a crack path on the
polished surface of a ZS0.45 material, showing possible crack deflection and crack
bridging near SiC particles. These mechanisms cause energy dissipation during the
fracture of ceramics and have been associated with enhanced fracture toughness. 22 ·23
Four-point bend strengths are shown in Table 5 and Fig. 4. The strength increased as
the starting SiC particle size decreased. The strength was 389 MPa for the ZS 10 material,
but increased to a value of 909 MPa for ZS0.45. The strength values for ZS 1.4 and ZSO. 7
materials were found to be 805MPa and 837 MPa, respectively. Strength increased
significantly as the size of the SiC precursor powders decrease. In Fig. 4, the strength
values are plotted as a function ofthe average SiC grain size and compared to values
obtained by Rezaie et al. 16 The present results support the earlier results that the SiC grain
size controls the strength of ZrB 2-SiC ceramics. This work not only verifies the earlier
results, but also extends them to higher (>6 f.ltn) and lower

(~1

f.!m) SiC grain sizes.

However, this comparison does not directly relate strength to ZrBz or SiC grain sizes,
which requires more detailed analysis.
Fracture strength of brittle materials is a function of the critical flaw size as described
by the Gritlith equation: 24
Kt,

(Y fracture :::::

Y Fc

(3)
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where a/racture is the fracture strength; K lc is the fracture toughness; Y is a constant
related to the fracture origin; and c is the critical flaw size in the material. As discussed
above, fracture toughness values for the four ZrB 2-SiC materials in the present study are
statistically identical to each other. Assuming that Y is also a constant for all the
specimens, the strength is then inversely proportional to the square root of the critical
flaw size, and the following relation can be derived:
u

tracrure

(4)

o cf "\/C

Based on the SEM observations of as-polished and fractured surfaces of at least five
bend bars, no macroscopic flaws were identified as probable fracture origins. In cases,
where no other larger defects can be identified, the critical flaw size is often taken as the
characteristic grain size. 25 The measured grain sizes for all the four materials are
summarized in Table 3. The ZS 10 material had the lowest strength and the largest
average grain sizes of SiC (6.3 J..lm) and ZrB2 (3.0 J..lm). As shown in Table 3, the ZS 1.4
and ZS0.7 materials had similar SiC (2.1 and 1.6 J..lm) and Zr8 2 ( 1.7 and 1.6 J..lm) grain
sizes, and exhibit similar strength values (805 and 837 MPa). The ZS0.45 material had
the highest strength (909 MPa), which can be attributed to the fact that it had the smallest
average grain sizes for both ZrB 2 ( 1.2 J..lm) and SiC ( 1.0

~tm).

To correlate strength and grain size, the ratios of strengths and grain sizes among
different materials were calculated (Table 6). From the calculated results, both the
average and maximum grain sizes of SiC are shown to have better correlations with
strength values than the average and maximum ZrB 2 grain sizes. The conclusion that can
be drawn from these results is that the SiC grain size (average, maximum, or both) has a
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much stronger influence on the strength of ZrB 2-SiC than Zr8 2 grain size despite the fact
that ZrB2 is the major phase.

4. Conclusion
The effect of the starting SiC particle size on the microstructure and mechanical
properties ofthe hot pressed ZrB2-SiC ceramics was investigated. Decreasing the average
size of starting SiC particles enhanced the densification of ZrB 2-SiC, producing relative
densities that increased from 97.4 to 99.8%, as the size ofthe SiC particles decreased
from 10 l-tm to 0.45 l-!m. Analysis by SEM revealed that both the ZrB 2 and SiC grain
sizes in dense, hot pressed ceramics decreased as the size of the SiC decreased, indicating
that finer SiC particles may be more effective at pinning !:,Tfain growth during
densification. The Young's modulus value was sensitive to the porosity of the ceramics,
but showed no direct relationship with the grain size. Vickers microhardness increased
from 17.5 GPa for the ZS 10 material to 20.7 GPa for the ZS0.45 counterpart. Four-point
bend strength was a strong function of SiC grain size, increasing from -400 MPa when
the average SiC grain size was -6 llm to over 900 MPa when the average SiC grain size
was -1 l-!m. Based on this research, it can be concluded that the SiC !:,Tfain size has a
strong influence on the strength of ZrB 2-SiC ceramics for average SiC grain sizes ranging
from 1 to 6

~m.
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Figures

Fig. 1. Morphologies ofthe attrition milled powder mixtures: (a) ZSIO; (b) ZS1.4; (c)
ZS0.7; (d) ZS0.45. In these images ZrB2 is brighter and SiC is darker. Note that the
magnification varies among the images.
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Fig. 2. Microstructure ofZrB 2-SiC hot pressed from: (a) ZSlO; (b) ZS1.4; (c) ZS0.7; (d)
ZS0.45. In these images ZrB 2 is gray and SiC is black.
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S~m
Fig. 3. SEM image showing possible crack deflection and crack bridging near SiC
particles in the ZS0.45 material.
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Tables

Table 1. Characteristics of raw materials.

Zr82

A

6

Specific
surface area
(m2/g)
1

SiC

600grit

-10

0.4

99.5

SiC
SiC
SiC

UFOS
UF10
UF25

1.4
0.7
0.45

5
10
25

98.5
98.5
98.5

Material

Grade

Mean
particle size
(~m)

Purity {0/o)

Supplier

>99

H.C. Starck
Universal
Photonics
H.C. Starck
H.C. Starck
H.C. Starck

Table 2. Density and WC content ofhot pressed Zr82-30 vol.% SiC samples.
Particle size of
SiC precursor
(~m)

-10
1.4
0.7
0.45

Material
designation
ZS10
ZS1.4
ZS0.7
ZS0.45

Archimedes
density
(g/cm3 )
5.26
5.37
5.41
5.57

True
density
(g/cm3 )
5.40
5.43
5.48
5.58

Relative
density
(o/o)

97.4
98.9
98.7
99.8

we
content
(vol. 0/o)
1.88
2.20
2.74
3.82
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Table 3. Measured grain sizes ofthe ZrB 2-SiC materials.
Material
ZS10
ZS1.4
ZS0.7
ZS0.45

Ave. ZrB2
grain size (p.tm)
3.0 ± 1.3
1.7±0.7
1.6 ± 0.6
1.2±0.4

Max. ZrB2
grain size (f.lm)
6.8
3.9
3.8
2.5

Ave. SiC grain
size (pm)
6.3 ± 2.9
2.1 ± 0.7
1.6 ± 0.7
1.0±0.4

Max. SiC grain
size (ltm)
14.5
4.0
3.6
1.9

Table 4. Young's modulus (E) as a function of porosity for ZrB2-SiC ceramics.
Material
ZS10
ZS1.4
ZS0.7
ZS0.45
ZrB2-SiC

Relative
Density {0/o)
97.4
98.9
98.7
99.8
100

Porosity
(o/o)

2.6
1.1
1.3
0.2
0.0

MeasuredE
(GPa)
479± 5
509± 3
515 ± 7
520± 7

Calculated E
(GPa)
478
504
501
520
524
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Table 5. Poisson's ratio (v), Vickers microhardness (HV0.2), fracture toughness

(K~c),

and four-point bend strength (cr) for ZrB 2-SiC.

Material
ZS10
ZS1.4
ZS0.7
ZS0.45

v
0.16
0.15
0.15
0.16

HV0.2 (GPa)
17.5 ± 0.4
19.1 ± 1.0
19.3 ± 0.6
20.7 ± 1.0

4.5 ±
4.3 ±
4.2 ±
4.6 ±

0.1
0.3
0.2
0.1

cr (MPa)
389 ± 45
805 ± 71
837 ± 116
909 ± 136

Table 6. Comparison between the strength (a) ratios and grain size ratios for hot pressed
samples.

Ratio
relation

Strength (a)
ratio

ZS 1.4/ZS 10
ZS0.7/ZS10
ZS0.45/ZS 10

2.07
2.15
2.34

Ave. ZrBz
grain size
1.33
1.37
1.58

1/ JZ ratio
Ave. SiC
Max. ZrBz
grain size
grain size
1.73
1.32
1.98
1.34
2.51
1.65

Max. SiC
grain size
1.90
2.01
2.76
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Abstract

Strength was measured at elevated temperatures for two zirconium diboride (ZrB 2 )
ceramics densified by hot pressing. Without sintering additives, ZrB 2 was hot pressed to
~97%

relative density at 21 oooc. Using a combination of 1 wt% C and 2 wt% B 4 C, a

second ZrB 2 ceramic was hot pressed to

~I 00%

relative density at 1900°C. The ZrB 2

with additives exhibited higher room temperature flexural strength (547 ± 35 MPa),
Vickers' hardness (19.7 ± 0.6 GPa). and Young's modulus (509 ± 11 GPa) than the
additive-free ZrB 2 due to its finer grain size. The strength ofboth compositions increased
slightly as temperature increased and then decreased above a transition temperature at
~ l000°C.

At 1500°C, both materials had similar strengths of ~300 MPa. The decrease in

high temperature strength and Young's modulus may be due to secondary phases present
at the grain boundaries.

Keywords:

ZrB 2 ~

Densification; Microstructure; Mechanical properties
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1. Introduction
Zirconium diboride (Zr8 2 ) has the AIB 2 type crystal structure and belongs to the
P6/mmm space group. It has a hexagonal lattice in which close-packed Zr layers
alternate with graphite-like 8 layers in the sequence of ABAB .... 1 Due to its crystal
structure and bonding, ZrBz has an unusual combination of physical, mechanical, and
chemical properties, which makes it attractive for a variety of engineering applications,
especially at elevated temperatures. Specifically, Zr8 2 has a high melting point of
3245°C and is classified as an ultra-high temperature ceramic (UHTC). The room
temperature flexural strength of Zr8 2 ceramics can be over 500 MPa, but can be further
increased to ~1 GPa with 20-30 vol% SiC additions? The Vickers' hardness of single
crystal Zr8 2 is -20 GPa, 3 and the value is higher for fully dense hot pressed ZrB 2
ceramics. 2 In addition, Zr8 2 also has high electrical conductivity (10 7 S/m), thermal
conductivity (60 W/(m•K)), and resistance to molten metal corrosion. 1 These properties
make ZrB 2 a promising candidate for thermal protection systems for hypersonic flight
vehicles, 45 cutting tools, 6 high temperature electrodes, 7 and molten metal crucibles 8 .
Despite its attractive properties, the real world engineering applications of ZrBz at
elevated temperatures have been limited, probably due to the following challenges. First,
because of its strong bonding and low diffusion coefficients, ZrBz is difficult to sinter to
full density. Second, Zr8 2 oxidizes at elevated temperatures. Third, the elevated
temperature mechanical behavior of ZrB 2 ceramics has not been studied systematically,
which is of critical importance for load-bearing structural applications at elevated
temperatures. Recent studies have shown that ZrBz can reach near full density by hot
pressing, 2 spark plasma sintering, 9 or pressureless sintering. 10 In particular, a
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combination of carbon (C) and boron carbide (B 4C) additions is effective in promoting
the densification of ZrB 2 while inhibiting its grain growth. 10 Although additional studies
of the oxidation behavior of ZrBz are important, those are beyond the scope of the present
paper. As for the elevated temperature strength, a recent study reported strength values
for ZrB 2 ceramics up to 1400°C. 11 However, there was 13.5% porosity in the specimens
that were used for high temperature strength tests, and the large volume percent of
porosity was considered to strongly affect the mechanical behavior.
The purpose of this study was to examine the flexural strength of near full density
ZrB 2 ceramics at elevated temperatures in an air atmosphere. An additive-free hotpressed ZrB 2 ceramic was used as the baseline material for this study. For comparison,
ZrB 2 with C and B 4C additions was hot-pressed and tested for comparison to the baseline
ZrB 2 material.

2. Experimental procedures
2.1. Materials and processing
The raw materials used m the present study were all commercially available.
Table I summarizes the characteristics of the ZrB 2 and B4C powders based on data from
the supplier (H. C. Starck, Karlsruhe, Germany). Phenolic resin (Type GP 2074, Georgia
Paci fie, Atlanta, GA) was used as the source of C. The carbon yield of the phenolic resin
was 0.41 g C after charring 1.00 g of resin at 900°C in an argon atmosphere. As-received
ZrB 2 powder without any treatment was the baseline composition.

The other

composition was ZrB 2 with the addition of 1 wt% C and 2 wt% 84C as densification aids.
The two compositions were designated ZOCOB (ZrB 2 with no C or B4C additions) and
Z1C2B (ZrB 2 with 1 wt% C and 2 wt% B4C).
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The ZrB 2 and B 4 C were mixed by ball milling with WC media in acetone, which
was also the solvent used to dissolve the phenolic resin. After ball milling for 24 h, the
slurry was stir-dried and granulated by pulverizing and screening to -80 mesh. The dried
powder was heated at 1°C/min in flowing argon to 900°C to char the phenolic resin and
produce carbon.
Both compositions (ZOCOB and Zl C2B) were consolidated by hot pressing in a
55 mm by 55 mm rectangular graphite die. ZOCOB was hot pressed at 21 00°C under 32
MPa uniaxial pressure with a 45 min hold. Zl C2B was hot pressed at 1900°C under the
same pressure for a shorter time (15 min).

The temperature of the graphite die was

monitored with an infrared pyrometer (Model OS 3 708, Omega Engineering, Stamford,
CT). At temperatures below 1600°C, the furnace was heated under a mild vacuum

(~20

Pa). Isothermal holds at 1450°C and 1600°C were used to maintain the furnace vacuum.
Above 1600°C, the furnace chamber was backfilled with flowing argon gas. A heating
rate of ~20°C/min was used between room temperature and the maximum temperature.
The uniaxial pressure was gradually unloaded as the furnace was cooled below 1750 °C.

2.2. Characterization and testing
The bulk density of the consolidated specimens was measured by Archimedes'
method using water as the immersing medium. The relative density was estimated using
true density values of 6.1 g/cnr~ for ZOCOB and 5.9 g/cm 3 for Z 1C2B, which were
calculated using the rule of mixtures. Polished and thermally etched cross sections were
characterized using a field emission scanning electron microscope (SEM, Model S4700,
Hitachi, Tokyo, Japan), equipped with energy dispersive X-ray spectroscopy (EDS,
Model Phoenix, EDAX, Mahwah, NJ) for elemental analysis. ZrB2 grain sizes were
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measured from SEM images using an image analysis software package (ImageJ, National
Institute of Health, Bethesda, MD). The grain size distribution was determined by
measuring at least 100 grains. Microstructures were further analyzed at 200keV using a
scanning transmission electron microscope (S/TEM, Model Tecnai G2 F20, FEI Co.,
Hillsboro, OR). TEM specimen preparation was performed using a focused ion beam
system (FIB, Model Nova 200 NanoLab, FEI Co., Hillsboro, OR) and standard in situ
specimen liftout techniques (Autoprobe 250, Omniprobe, Inc., Dallas, TX). Electron
energy loss spectroscopy (EELS; Tridiem EFTEM, Gatan, Pleasonton, CA) spectra were
collected in STEM mode using a spot size of approximately one nm and a collection
angle of 15mrad with spectral binning values of0.2 to 2eV.
Vickers' microhardness (HV) was measured by indentation on polished sections
with a load of9.8 N ( 1.0 kg) and a dwell time of 15 s (Model Duramin-5, Struers Inc.,
Westlake, OH). At least 10 measurements were averaged for the reported microhardness.
Fracture toughness (K~c) was estimated by the indentation strength in bending method, 12
using an indentation load of98 N to create radial-median cracks on the polished tensile
surfaces of the test bars (3 mm x 4 mm x 55 mm). The

K1c

results were based on five

tests for each composition. Room temperature Young's modulus (E) was measured by
impulse excitation ofvibration (Model MK4-I Grindosonic, J. W. Lemmens, St. Louis,
MO) according to ASTM standard C1259-08. Flexural strength was measured according
to ASTM standard Cl161-02a using a screw-driven load frame (Model 5800, Instron,
Norwood, MA). Test bars (3 mm x 4 mm x 55 mm) were fractured in four-point bending
using a fully articulated test fixture with inner and outer spans of 20 mm and 40 mm,
respectively. The crosshead speed was 0.5 mm/min. Five bars were tested at room
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temperature and at least three bars were tested at each elevated temperature. For high
temperature strength testing, the furnace was held for I 0 min before loading was initiated
to allow the test specimens to reach thermal equilibrium. To protect the ZrB 2 from severe
oxidation during strength testing above 1200°C, the surfaces of the test bars were coated
with silica by dip coating in a tetraethyl orthosilicate (TEOS) sol. The static bending test
method was used to determine the elevated temperature Young's modulus according to
ASTM standard E111-04. For the modulus calculation, the magnitude ofloading was
limited to less than 50% of the fracture load to avoid damage to the test bars. The
loading-unloading cycle was repeated at least three times at each test temperature to
ensure that a repeatable load-displacement curve was obtained. A deflectometer was
used to record the deflection oftest bars. The Young's modulus was calculated from the
slope of the load-displacement curves. To determine the transition point ofhigh
temperature properties, straight lines were drawn on the plots of Young's modulus versus
temperature.

3. Results and discussions
3.I. Densification and microstructure
The relative density of ZOCOB was 97% after hot pressing at 21 00°C for 45
minutes. In contrast, Z I C2B reached -100% relative density after hot pressing at 1900°C
for 15 min. The addition of 1 wt% C and 2 wt% B 4C promoted densification of ZrB2 at
lower temperatures. The beneficial role of the combined C and B4C sintering additives
was discussed in detail in a previous paper. 10 Briefly, C and B4C react with and remove
oxide impurities (e.g., Zr02 and B 20 3) that are present on the surfaces of the ZrB2
particles. Removal of oxide impurities inhibits grain coarsening and promotes
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densification. The oxide impurities, if not removed, cause rapid growth of Zr8 2 grains by
surface diffusion and/or vapor transport at temperatures below which densification can
proceed. When grain coarsening occurs it reduces the driving force for the densification
by decreasing the surface energy per unit volume of the powder particles. In addition, the
residual C and 84C in the microstructure pin t,>Tain boundary movement, which limits
grain growth during densification.
Fig. 1 shows typical cross sections ofpolished, thermally etched specimens of
ZOCOB and Z1 C2B. The additive-free specimen, ZOCOB, consisted of large ZrB 2 grains
(8.1 ± 3.2 J..tm) and large, rounded pores. Porosity (-3% based on the Archimedes data)
was present both entrapped within grains and on the grain boundaries. The size of the
closed pores was generally in the range of 1 to 3 J..lm. The specimen with additives,
Z1C28, however, appeared fully dense with smaller ZrB 2 grains (2.5 ± 0.9 J..tm) than the
additive-free material. The large dark regions in Figure 1 (b) were identified as 84C
based on EDS analysis. The 8 4C in Zl C2B is probably residual 84C particles that were
added as a sintering additive. It is also possible that part of the 84C was formed in situ by
the reaction between 8 2 0 3 present as an impurity on the particle surfaces, and C, which
was added as a sintering additive in Zl C28. Some dark pockets -1 11m size in the
microstructure were found to be residual C, and were further analyzed by TEM, as
discussed later.
Based on the densification study, it could be summarized that ZrB2 without
sintering additives (ZOCOB) could be hot pressed to -97% relative density at 21 oooc.
The improved densification and reduced grain sizes ofZ1C2B were attributed to a
combination of effects: ( 1) inhibition of grain coarsening by the removal of oxide
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impurities from the ZrB 2

powder~

(2) rapid (15 min dwell time) hot pressing at a

relatively low temperature (1900°C); and (3) pinning of grain growth by the sintering
additives (C and B 4 C).

3.2. Room temperature mechanical properties
Table 2 summarizes the room temperature mechanical properties of ZOCOB and
Z1 C2B. The four-point bend strength of ZOCOB was 397 ± 33 MPa, which was higher
than the flexural strengths reported for ZrB 2 ceramics with grain sizes of several tens of
micrometers (200 to 375 MPa). 8 J 3 With finer grain sizes and higher relative density,
ZlC2B had a higher strength (547 ± 35 MPa) than ZOCOB. The strength of hot pressed
Z 1C2B was also higher than that reported for the pressureless sintered material with the
same composition (4 73 ± 43 MPa), which could be attributed to the finer grain size (2.5 ±
0.9 J.un) of the hot pressed material compared to the reported grain size of its pressureless
sintered counterpart (4.1 ± 2. 0 J.lm). 10 As expected, the trend in the data follows
generally accepted studies for polycrystalline ceramics showing increasing strength with
decreasing volume fractions of porosity and/or decreasing grain size. 14
The Vickers' micro hardness (HV 1.0) of Z 1C28 was 19.7 ± 0.6 GPa, which was
statistically the same as the value measured on the >99% dense pressureless sintered
material ( 19.6 ± 0.4 GPa) of the same composition, although the latter showed an average
grain size more than 50% larger than that of the hot pressed material. 10 In comparison,
ZOCOB exhibited a lower hardness of 16.7 ± 0.6 GPa, which could be explained by a
combination ofhaving a larger grain size and residual porosity. An increase in grain size
is often accompanied by a decrease in hardness in ceramics as the dislocations generated
by the indenter are blocked by fewer grain boundaries. 15 For anisotropic ceramic
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materials, like Ah03 and ZrB2, a decrease in hardness with increasing grain size is also
common due to residual stresses and microcracking. 16 "17 In addition, the residual porosity
in the microstructure will reduce the volume of material that is deformed under the
indenter, and therefore it could account for lower hardness. Compared to the grain size
effect, porosity seemed to be the primary factor that dictated the hardness of Zr8 2
ceramics. It is therefore expected that Zr8 2 ceramics with minimum residual porosity
and finer grain size would exhibit higher hardness values.
The difference in the fracture toughness values between ZOCOB and Z 1C28 was
not significant. The fracture toughness of Z I C2B was slightly higher at 3.0 ± 0.1
,
,
MPa·m 1/2 , compared to 2.8 ± 0.1 MPa·m I '"-for
ZOCOB. The present fracture
toughness

results are comparable to the values reported in literature for Zr82 ceramics, which
generally range from <2.0 to 3.5 MPa·m 12 .2-'g· 19 In addition to the intrinsic material
characteristics, differences in the measurement methods could also cause variations in the
reported fracture toughness values in the technical literature. In general, Zr82 ceramics
exhibit low fracture toughness, regardless of what densification process has been used to
fabricate the material.
Fully dense, polycrystalline Zl C28 had a Young's modulus(£) value of -509
.

GPa, which was comparable to the value reported for smgle crystal Zr82 (500 GPa).

20

The Young's modulus of ZOCOB was lower (479 ± 8 GPa) due to the presence ofresidua1
porosity.

For a ceramic body containing a low concentration of spherical pores, the

elastic modulus E ofthe porous body is given by MacKenzie solution: 21

E == £ 0 (1-1.9? + 0.9?")

(l )

142
where E is the Young's modulus of a ceramic with porosity P, and Eo is the Young's
modulus of the fully dense ceramic. According to Equation (I), taking Eo= 509 GPa for
fully dense ZrBz, the Young's modulus of Z1C2B, with 3% porosity, is calculated as 480
GPa, which is close to the experimental result.

3.3. Elevated temperature strength
Fig. 2 shows the flexural strengths of ZOCOB and Z I C2B as a function of test
temperature. Strengths were tested in air at temperatures ranging from room temperature
(nominally 25°C) up to 1500°C. Z 1C2B had higher strengths than ZOCOB from room
temperature up to -1 000°C. The strengths of both materials increased slightly in this
temperature range. At higher temperatures the strengths decreased appreciably. In
particular, the strength degradations were significant at temperatures of 1200°C and
above, with both ZOCOB and Z 1C2B having comparable strength values in this
temperature range. At 1500°C, the retained strength ofboth materials was

~300

MPa,

which was substantially lower than their room temperature strengths. Figure 3 presents
the strength retention as a function of test temperature using the normalized strength data.
As shown in Figure 3, ZOCOB exhibited better strength retention than Z 1C2B across the
range of test temperatures (from room temperature to 1500°C), although the absolute
strength of Z 1C2B was higher than ZOCOB from room temperature to 1ooooc. This
indicated that the strength degradation of Z 1C2B at elevated temperatures was more
severe than that of ZOCOB.
A ftcr strength testing, cross sections of the flexural strength test bars were
polished for SEM analysis to examine the morphological changes on their tensile surfaces.
Because the morphologies of ZOCOB and Z 1C2B were similar, only the cross section
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SEM images of ZOCOB are presented in Fig. 4 to highlight the effect of test temperature
on surface morphology. As shown in Fig. 4 (a), the bar tested at room temperature had a
smooth, flat tensile surface. Fig. 4 (b) shows that the tensile surface ofthe bar tested at
800°C was covered by a dense oxide layer -3 J..Lm thick. The oxide layer was produced
by the oxidation of ZrB 2. The formation of this dense oxide layer on the tensile surface
of the flexural bars may heal the surface flaws that were produced during machining of
the test specimens. Based on the Griffith theory, a decrease in flaw size would the
increase the strength of the material. 22 Therefore, oxidation induced healing of surface
flaws could account for the improved strength at 800°C as shown in Figure 2. The tensile
surface of the bar tested at 1200°C (as shown in Fig. 4 (c)) was also covered by an oxide
layer, but this layer seemed to be thicker (5 to 8 J..Lm) and was more porous compared to
the oxide layer shown in Fig. 4 (b). According to the model for the oxidation of ZrB2 as
proposed by Parthasarathy et al., 23 the oxidized surface of ZrB 2 ceramics in the
temperature range

of~ 1000°C

to -1800°C is composed of Zr02 particles mixed with

boria (8 20 3). However, due to the volatility ofboria in this temperature range, the oxide
scale is expected to be depleted ofboria near the top of the layer, whereas the bottom of
the oxide layer may still contain boria because of the capillary effects of the pore
channels among the Zr02 particles. Despite the morphological changes of the oxide layer
on the tensile surfaces, the measured strength of ZOCOB did not vary appreciably between
800°C and 1200°C.
For test temperatures above l200°C, all test bars were protected by coating with
silica (Si02) prior to heating to avoid severe oxidation at the elevated temperatures.
Consequently, a layer of silica (-2 J..Lm) was present on the tensile surface ofthe bar
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tested at 1400°C as shown in Fig. 4 (d). However, in spite of the presence of a dense and
continuous silica layer, the measured strength decreased significantly from ~450 MPa at
1200°C to ~320 MPa at 1400°C, which indicated that the strength degradation ofZOCOB
above 1200°C was independent of the oxidation of the surface of the test bars. Based on
examination of the cross sections, the decrease in strength is not due to changes in surface
morphology, but requires a more detailed analysis.
The Young's moduli were measured as a function oftemperature for ZOCOB and
Z 1C2B using static bend testing. The values for temperatures ranging from 600°C to
1500°C are plotted in Fig. 5. The results show that values decreased approximately
linearly with increasing temperature up to

~ 1200°C,

but decreased at a faster rate above

that temperature. The transition range of Young's modulus seems to coincide roughly
with the decrease in strength measured for the same materials. Similar temperature
dependencies of Young's modulus have been found in other oxide and non-oxide
ceramics. 24 ·25 ·26 Wachtman and Lam 25 found that the elastic modulus of Ah03 ceramics
exhibited a slow, nearly linear decrease with increasing temperature in a low temperature
range followed by a more rapid, nonlinear decrease at higher temperatures. The rapid
decrease in Young's modulus ofpolycrystalline ceramics at high temperatures has been
attributed to grain boundary slip, which should be affected by the characteristics of the
grain boundaries such as the presence of a glassy phase isolated at three grain junctions
or distributed along boundaries between adjoining grains.
Fig. 6 is a bright field TEM image showing a typical triple grain junction in
ZOCOB. The triple grain junctions appear to be free of any pockets of secondary phases.
This indicated that the rapid decreases in Young's modulus and strength observed for
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ZOCOB above 1200°C might be associated with an intergranular phase distributed along
the two-grain interfaces as has been observed with other ceramics. 2728 In comparison,
dark secondary phases with irregular shapes were found in the Z1C28 specimen in the Zcontrast STEM image shown in Fig. 7. These dark phases were present on both the grain
boundaries and at triple grain junctions. STEM-EDS analysis showed that these dark
regions were primarily C. STEM-EELS spectrum collected from the C rich area is
shown in Fig. 8. Fine structure inspection of the C-K edge illustrates the presence of an
transition at an energy loss::::; 284 eV, which is characteristic of sp 2 bonding in graphitic
carbon, along with the cr transition that is typical of nearly all C polytypes. 29 A selected
area electron diffraction pattern of one of the dark regions was inset in Fig. 7, and
illustrates the ring features of a polycrystalline microstructure. The diffraction pattern
indexes closely with graphite, which is consistent with the EELS analysis. Based on the
above analysis, these pockets could be mainly residual C, which was introduced as a
sintering additive in the starting powder mixture of the Z 1C2B composition. The
amorphous C formed by pyrolysis of the phenolic resin may have partially transformed to
the graphite structure during the hot pressing process. EELS analysis of different low
atomic number regions also illustrated the presence of BN (same average atomic number
as C), which could come from impurities in the starting Zr82 and 84C powders based on
the manufacturer-supplied composition data shown in Table 1.
Considering that Z 1C2B exhibited a more severe decrease in strength and
Young's modulus at elevated temperatures than ZOCOB, the presence of these C -based
secondary phases in ZlC28 might have promoted grain boundary slip in ZlC28.
Therefore, one approach to increase the elevated temperature strength of Zr82 ceramics
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may be minimizing the amount of sintering additives used to prevent the formation of
residual secondary phases at grain boundaries thereby eliminating possible negative
effects of residual carbon. However, ZOCOB also exhibited a significant strength loss at
temperatures

above~ 1000°C.

The accompanying decrease in Young's modulus for both

ZOCOB and Zl C2B indicates that similar strength degradation methods may be operating
in both materials. Further analysis of the grain boundary structure using high resolution
and analytical TEM is required to determine if a heretofore unidentified grain boundary
phase is influencing the elevated temperature mechanical behavior of both materials.

4. Summary
In the present study, the elevated temperature strength was measured for Zr8 2
ceramics. Without sintering additives, commercial Zr8 2 was hot pressed to 97% relative
density at 21 00°C. The addition of a combination of 1 wt% C and 2 wt% 84C as the
sintering additives promoted densification of Zr8 2 to ~ 100% relative density at a lower
hot pressing temperature of 1900°C. Due to its finer average grain size and reduced level
ofporosity, Z1C2B had higher room temperature strength, modulus, and hardness than
the additive-free Zr8 2 (ZOCOB). The strength ofboth ZOCOB and Z1C28 started to
decrease at temperatures above ~ 1000°C. At 1500°C, both materials had similar
strengths of ~300 MPa. The findings in the present work indicated that the high
temperature strength of Zr8 2 ceramics was dictated by the characteristics of the
secondary phases and grain boundaries. Removal of unfavorable secondary phases and
producing more refractory grain boundaries would be expected to increase the elevated
temperature strength of Zr8 2 ceramics.
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Figures

Fig. 1. SEM images of thermally etched cross sections of (a) ZOCOB and (b) Z 1C2B.
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Fig. 2. Four-point bend strength of ZOCOB and Zl C2B tested in air atmosphere as a
function of temperature.
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Fig. 4. Cross sectional SEM images of the test bars of additive-free hot pressed ZrB2
(ZOCOB) after four-point bend strength testing at various temperatures: (a) room
temperature; (b) 800°C; (c) 1200°C; (d) 1400°C. The upper side of these specimens was
the tensile surface in four-point bend testing.
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Fig. 6. Bright field TEM image of a typical triple grain junction in ZOCOB showing that it
is free of large inclusions of any impurity phases.
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1

~m

Fig. 7. Z-contrast STEM image ofZ1C2B. Low atomic number dark regions (circled)
were identified on grain boundaries and triple grain junctions. A typical selected area
electron diffraction pattern of the dark regions has been inset in the lower left comer.
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Fig. 8. EELS spectrum ofthe low atomic number, C rich phase in Fig. 7. The rr transition
observed in the C indicates it was partially transformed to graphite, which is consistent
with the diffraction pattern in Fig. 7.
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Tables

Table 1. Characteristics of the commercial ZrB 2 and B 4 C powders used in the present
study.
Material

Grade

Average particle
size (~m)
2
0.8

Specific surface
Main impurities (wt%)
--o~=:...:N:.::..:.~.:...:;.:.:..:.:...:...:A=-l~:..:....::..!.H_f_
area (m 2/g)
1.0
15.8

0.9
1.3

0.25
0. 7

0.2
0.5

Table 2. Room temperature mechanical properties ofhot pressed additive-free ZrB 2
(ZOCOB) and ZrB 2 with 1 wt% C and 2 wt% B4 C additions (Z1C2B).
Material
Property

ZOCOB

Z1C2B

97

-100

8.1 ± 3.2

2.5 ± 0.9

4-point bend strength (MPa)

397 ± 33

547 ± 35

Hardness, HV1.0 (GPa)

16.7 ± 0.6

19.7 ± 0.6

Fracture toughness ( MPa·m 112 )

2.8 ± 0.1

3.0 ± 0.1

Young's modulus (GPa)

479± 8

509 ± 11

Relative density(%)
ZrB2 grain size

(~m)
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3. CONCLUSIONS

This section summarizes the overall conclusions drawn from the research reported
in the five manuscripts that make up the body of the dissertation.
1.

ZrB 2 ceramics were sintered to near theoretical density at temperatures as low as
1900°C without the application of external pressure using C-coated starting
powders. Polymers such as phenolic resin and polycarbosilane (PCS) have been
used as precursors so that the C coatings deposited on the ZrB 2 powder particles
were distributed more uniformly than previous sintering additives that had to be
added in the form of powder particles.

2.

The additions of C were found to effectively remove oxide impurities (Zr0 2 and
8 20

3)

from the surfaces of ZrB 2 particles through reactions which were favorable

at temperatures much lower than the sintering temperature based on the
thermodynamic calculations. The removal of oxide impurities from the surfaces
of ZrB 2 powder minimized grain coarsening, which could occur by surface
diffusion and evaporation-condensation mechanisms.
3.

Attrition milled ZrB 2 powder was found to have better sinterability than the asreceived powder, primarily due to the effect of the reduction of particle size.
However, C additions of 1.0 wt% or higher were required to promote
densification ofmilled ZrB 2 due to its higher oxygen content (3.0 wt%) compared
to unmilled ZrB 2 (0.9 wt%). SEM analysis revealed that C inclusions had the
effect of reducing grain growth in Zr8 2 • Further, higher carbon contents resulted
in decreased hardness.

4.

With a combination of 8 4 C and C additives, ZrBz powder was densified by
pressureless sintering to >99% RD at 1900°C. The addition of 2 wt% B 4 C and 1
wt% C not only promoted densification by reacting with the surface oxides, but
also inhibited grain growth. Starting from a commercial powder with an average
ZrB 2 particle size of 2 f.lm, the sintered ceramic had an average Zr82 grain size of
~4 f.lm. Fine grain size and lower oxygen content resulted in a high strength (4 73

± 43 MPa). In contrast, the additions did not improve fracture toughness, which

was ~3.5 MPa·m 112 . Young's modulus (507 GPa) and Vickers' microhardness
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(19.6 ± 0.4 GPa) were comparable to those reported for single crystal ZrB 2 .
Based on this study, the combination ofB 4C and carbon promoted the
densification of ZrB 2 at lower temperatures than either additive alone by reacting
with and facilitating the removal ofboth B 2 0
5.

3

and Zr02 from the particle surfaces.

The pressureless sintering of a ZrBz-SiC composite was enhanced using PCS
derived C and SiC. The relative density was 96.7% for PCS coated ZrB 2 powder
sintered at 2000°C. Densification of ZrB 2 was activated by the removal of
surface oxide impurities (Bz0 3 and ZrOz) with C, and ZrB 2 !:,train growth was
pinned by uniformly distributed SiC particulates. Failure analysis indicated that
strength ofthe sintered ZrBz-SiC composite was 374 ± 17 MPa, and could likely
be increased by removing the voids (13.3- 22.3 ).lm in diameter) from the
microstructure through improved processing. This work provides a novel way of
making high density ZrB 2 -SiC composites by pressureless sintering, which offers
the advantage of low cost processing to near-net-shape.

6.

The effect of the starting SiC particle size on the microstructure and mechanical
properties ofhot pressed ZrB 2 -SiC ceramics was investigated. Analysis by SEM
revealed that both the ZrB 2 and SiC grain sizes in dense, hot pressed ceramics
decreased as the size ofthe starting SiC particles decreased, indicating that finer
SiC particles may be more effective at pinning !:,train growth during densification.
Four-point bend strength was a strong function of SiC grain size, increasing from
-400 MPa when the average SiC grain size was -6 ).lm to over 900 MPa when the
average SiC grain size was -1 ).lm. Based on this research, it can be concluded
that the SiC grain size has a strong influence on the strength of ZrBz-SiC ceramics
for average SiC grain sizes ranging from 1 to 6 ).lm.

7.

The elevated temperature strength was measured for ZrBz ceramics. Without
sintering additives, commercial ZrBz was hot pressed to 97% relative density at
21 00°C. The addition of a combination of I wt% C and 2 wt% B4C as the
sintering additives promoted densification of ZrBz to -100% dense at a lower hot
pressing temperature of 1900°C (Z 1C2B). Due to its finer grain sizes and
reduced level ofporosity, Z1C2B had higher room temperature strength, modulus,
and hardness than the additive-free ZrBz (ZOCOB). The strength of ZOCOB and
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Z1 C2B started to decrease at temperatures above -1 000°C for both materials. At
1500°C, both materials had similar strengths of -300 MPa. The findings in the
present work indicated that the high temperature strength of ZrB 2 ceramics may
be dictated by the characteristics of the secondary phases and grain boundaries.
Removal of unfavorable secondary phases and producing more refractory grain
boundaries are promising ways to increase the elevated temperature strength of
ZrB 2 ceramics.

163

4. FUTURE WORK

This work is focused on the study of densification, microstructure, mechanical
properties, and their relationships in ZrB2 based ceramics. Based on the results and
findings in the present work, several interesting topics have arisen and are considered to
be worthy of future exploration.
I.

Sintering kinetics: The present study investigated the densification behavior and
discussed the mechanisms of activated sintering of ZrB 2 with the addition of C
based additives. A kinetics study should reveal the intrinsic mass transport
mechanisms during the sintering of ZrB 2 with and without additives. Along with
the knowledge already gained in the present work, more detailed analysis of the
sintering kinetics may ultimately enable the optimization of sintering parameters
to obtain ZrB2 ceramics with ideal microstructural features and relative densities
tailored for specific engineering applications.

2.

Nanostructured ceramic composites: The use of a preceramic polymer precursor
such as polycarbosilane has been found to be effective in improving the
densification of ZrB 2 and introducing uniformly distributed SiC particles in the
matrix. It is promising to fabricate ZrB 2 based composites reinforced with
nanosized SiC particles by lowering the processing temperature to avoid
coarsening of the ultra-fine SiC particles. Another part of this study has shown
that the SiC particle size is the controlling factor for the strength of ZrB2-SiC
composites. By making nanostructured ZrB 2-SiC composites, superior strength
and possibly other properties such as higher hardness and better oxidation
resistance could be achieved.

3.

Grain boundary and interface analysis: The degradation ofthe strength and
Young's modulus of ZrB 2 ceramics at elevated temperatures appears to be related
to the characteristics of the secondary phases on the triple grain junctions and/or
the interfaces of adjoining grains. Detailed analysis of the grain boundaries, using
high resolution and analytical TEM, will provide directions for making further
processing efforts to engineer the grain boundaries.
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4.

Grain boundary engineering: By controlling the composition and structure of the
grain boundary phases, it is expected that unfavorable secondary phases could be
removed and more refractory grain boundaries could be produced, which would
increase the strength of ZrB 2 ceramics at elevated temperatures.

5.

Further high temperature strength study: After making efforts to control the grain
boundaries, additional high temperature strength measurements are needed to test
the effectiveness ofthe grain boundary engineering. Ultimately, the successful
fabrication of Zr8 2 ceramics and composites with excellent retention of high
temperature strength will open a variety of opportunities for these materials to be
used as high temperature structural components.

6.

Other high temperature mechanical properties: To test the high temperature
reliability of ZrB 2 based ceramics, it is also necessary to perform systematic high
temperature creep and fatigue tests in addition to high temperature strength
measurements. Good creep and fatigue resistance relies on the appropriate
control ofthe composition and microstructure ofthese materials.
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MICROWAVE SINTERING OF A ZrB 2-B 4 C PARTICULATE CERAMIC
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Abstract
A two phase particulate ceramic composite containing ZrB 2 and B 4 C was densified by
microwave sintering a mixture of ZrB 2 and 4 wt% B 4 C powders. The particulate
composite reached >98% relative density at processing temperatures as low as 1720°C.
In comparison to conventional sintering, microwave sintering promoted densification of
the composite at lower temperatures without promoting rapid grain growth. Vickers
hardness and fracture toughness ofthe microwave sintered specimens were as high as
I""'

•

17.5 GPa and 3.8 MPa·m -,respectively.

Keywords: E. Microwave sintering; A. Zirconium diboride; A. Boron Carbide; B.
Mechanical properties
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1. Introduction
ZrB 2 has a high melting point (>3000°C), high strength (>500 MPa) and electrical
conductivity (-10 7 S/m), as well as excellent chemical stability. Based on these
properties, ZrB 2 ceramics are being considered for applications such as thermal
protection systems, cutting tools, high temperature electrodes, and molten metal crucibles
[ 1-5]. However, widespread use of ZrB2 ceramics has been restricted by the difficulty in
producing dense ceramic parts with complex shapes. As with other non-oxide ceramics,
ZrB 2 exhibits strong covalent bonding and low self and grain boundary diffusion
coefficients. In addition, ubiquitous surface oxide impurities promote coarsening at
temperatures below which densification can proceed. As a result, ZrB2 ceramics exhibit
poor intrinsic sinterability [6].
In most cases, ZrB 2 ceramics are densified by hot pressing [7, 8], which is limited to
producing specimens with simple shapes. Recently, ZrB 2 has been densified below
2000°C by conventional sintering with additives such as B4C [9], MoSh [10], and C [11].
Enhanced densification was attributed to activation of sintering by removal of surface
oxide impurities from the ZrB2 particle surfaces (B4C and C) or by liquid phase sintering
(MoSi2).
Microwave sintering is another alternative to hot pressing and conventional sintering.
Microwave sintering has the advantages of uniform and rapid heating since the energy is
directly coupled into the specimen rather than being conducted into the specimen from an
external heat source. Generally, enhanced densification and finer microstructures have
been reported for microwave sintered materials [ 12]. However, to our knowledge,
microwave sintering of ZrB 2 has not been reported in the literature, probably because
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ZrB2 is electrically conductive and has limited coupling with microwave energy. In
addition to promoting densification of ZrB 2 in pressureless sintering, B 4C has also been
reported to absorb microwave energy [ 13]. The objective of the present work was to
densify an ultra-high temperature ZrB 2-based ceramic by microwave sintering. The
relative density, microstructure and mechanical properties of microwave sintered ZrB 2B4C particulate composites were investigated.

2. Experimental
ZrB2 (particle size -2.0 f..Lm, Grade B, H. C. Starck, Karlsruhe, Germany) and B 4C
(particle size -0.8 f..Lm, Grade HS, H. C. Starck) powders were the starting materials. The
ZrB2 powder was attrition milled at 600 rpm for 2 h using Co-bonded WC (WC(Co))
media and methyl ethyl ketone (MEK) as the solvent to reduce its particle size. During
milling, the ZrB 2 gained -8 wt% (-3.4 vol%) WC(Co) due to wear of the milling media.
Milled ZrB 2 powder was then mixed with 4 wt% B 4C powder by ball milling for 24 h in
MEK using WC(Co) balls. The powder mixture was dried while stirring at room
temperature, followed by pulverizing and passing through a 50 mesh sieve. Pellets with a
diameter of 12.7 mm and a height of -5 mm were uniaxially pressed at 30 MPa and
further compacted by cold isostatic pressing at 300 MPa.
Microwave sintering was performed in a 2.45 GHz multimode microwave applicator
in a flowing argon atmosphere. The specimens were supported inside two nested
pyrolytic BN crucibles. The space between the crucibles was filled with a mixture of BN
and C to facilitate heating at low temperatures. The working temperature of the
microwave oven was monitored by a single wavelength optical pyrometer. A pyrolytic
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BN tube inserted through holes in the nested crucibles provided an unobstructed view of
the specimen. The pellets were heated at 50°C/min to 1630, 1720, 1820, and 1920°C I'
respectively. After holding for 90 min, pellets were cooled to room temperature at
100°C/min. For comparison, additional pellets were densified by conventional sintering
by heating in a graphite element furnace (Model 3060-FP20, Thermal Technology, Santa
Rosa, CA, USA) under a mild vacuum

of~ 13

Pa below 1650°C. At 1650°C, the

atmosphere was switched to flowing argon. The sintering temperatures were 1650, 1700,
1780, 1870, or 1970°C, while the holding time (90 min) was the same for both
conventional and microwave sintering. For conventional sintering, the heating and
cooling rates were 10 and 30°C/min, respectively. Sintered specimens were designated
by the letters MS (microwave sintering) orCS (conventional sintering) along with the
sintering temperature. For example, the specimen prepared by microwave sintering at
1920°C was designated MS 1920.
A theoretical density of 6.04 g/cm 3 was calculated for the sintered specimens based
on a rule of mixtures calculation that assumed densities of6.09 g/cm 3 for Zr8 2 , 2.52
g/cm 3 for 8 4 C, and 14.9 g/cm 3 for WC(Co). The bulk density ofthe sintered specimens
was measured using Archimedes' method. The microstructures were observed using a
field emission scanning electron microscope (SEM, Model S4700, Hitachi, Japan).
Grain sizes of the microwave sintered ceramics were detennined from SEM images
using an image analysis software package (ImageJ, National Institute of Health, Bethesda,

1

Temperatures reported for microwave sintering should be considered ±50°C. Temperatures were adjusted

to the values quoted in the text based on calibration of the pyrometer after the initial microwave sintering
experiments.
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MD, USA). A minimum of 50 measurements was performed for each average value
reported. Vickers' hardness (HV2.0) (Model Duramin-5, Struers Inc., Westlake, OH,
USA) was tested at a load of 2.0 kg ( 19.6 N). Fracture toughness (K 1c) was calculated
using direct crack measurements [14] with an applied load of 19.6 N.

3. Results and discussion
3.1. Densification
Fig. 1 shows the relative density of specimens prepared by both microwave and
conventional sintering. Using microwave sintering, the Zr8 2 -B 4 C particulate composite
was sintered to a relative density of 88% at 1630°C, >98% at 1720°C, and >99% at
1820°C. Consequently, a processing temperature of 1720°C or higher was required for
nearly full densification by microwave sintering. In contrast, the relative density of the
specimens prepared by conventional sintering was 72% at 1650°C, and increased to
>96% when the sintering temperature was 1700°C or higher. Based on the density
measurements, microwave sintering was more effective in promoting densification of
ZrB 2 at lower temperatures compared to conventional sintering, even though both
processing methods led to nearly full densification of Zr8 2 at sintering temperatures of
-1 700°C or higher.
The beneficial effects of B 4 C additions on the conventional sintering of Zr8 2 have
been reported [9]. Briefly, the addition of B4C promotes removal of the surface oxide
impurities (Zr0 2 and B 2 0

3)

from ZrB 2 powders. The surface oxides promote grain

coarsening at elevated temperatures, which inhibits densification. Similarly, the removal
of surface oxides by reaction with B 4C was also considered to be favorable for
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microwave sintering of ZrB2. In addition, the presence of 4 wt% B 4C (-8.7 vol%) in the
ZrB2 matrix was thought to facilitate the microwave heating of ZrB 2, because B4C has
been reported to be a microwave absorber [ 13 ], in contrast to ZrB 2, which is an electrical
conductor and may not couple effectively with the microwave energy. However, no
single theory explains microwave sintering of ceramics [ 15], and the mechanisms of
microwave-ZrB2 interactions are less clear. It was therefore considered that B4C particles
contributed to the densification of ZrB 2 by reacting with surface oxides and acting as a
microwave absorber for heating of the ZrB 2 matrix.
3 .2. Microstructure
As shown in Fig. 2, the microwave sintered specimens did not have noticeable
porosity when sintered at temperatures of 1720°C or higher, while the MS 1630 specimen
(-88% relative density) was porous. Grain sizes of the ZrB2 matrix were measured for
the microwave sintered specimens (Table 1). The average ZrB 2 grain size of the dense
specimens increased substantially from 2.0 to 15.9

~m

when the microwave sintering

temperature increased from 1720 to 1920°C. In addition to grain growth, the grain size
distribution was also broader at higher temperatures. MS 1630 had a similar average ZrB 2
grain size (2.0

~m)

as that ofMS1720, even though the sintering temperatures were

different. This result indicated that ZrB2 grain growth was minimal for microwave
heating in the range of 1630 to 1720°C. However, densification was significant in this
temperature range with the relative density increasing from 88% to >98%. Therefore,
microwave sintering promoted densification of ZrB2-4wt% B4C particulate composites
without significant grain growth in this temperature range. The presence of the B4C
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particulates may have inhibited grain growth in the ZrB 2 matrix as has been observed in a
recent study of conventional sintering of Zr8 2 with 8 4C additions [9].
3.3. Mechanical properties
Vickers' hardness and fracture toughness values ofthe composites densified by
microwave sintering at different temperatures are plotted in Fig. 3. Using the hardness
values of22 GPa for ZrB2 [1] and 37 GPa for B 4 C [16], an estimated Vickers' hardness
of a composite of ZrB2 and B 4 C should be 22 G Pa or higher based on the rule of mixtures.
However, the measured hardness values for the specimens sintered at all of the
temperatures were lower than 22 GPa. As shown in Fig. 3, the hardness of the composite
increases from 10.5 to 17.5 GPa, which was attributed to the decrease of porosity as the
sintering temperature increased from 1630 to 1820°C. The presence of residual porosity
in the microwave sintered composite may account for part of the decrease in measured
hardness. Residual stresses in the sintered composite are another factor that may have
contributed to the reduction in hardness. Since Zr8 2 has a hexagonal crystal structure
with anisotropic thermal expansion coefficients ( aa
6

=

6.66

X

10-6 fOC and ac = 6. 93

X

10-

/°C) [17], grain growth of specimen MS 1920 (as shown in Fig. 2(d)) could have

produced microcracking during cooling as a result of residual stresses. Hence,
microcracking due to the anisotropic thermal expansion behavior of ZrB2 may have
accounted for the lower hardness ( 15.4 GPa) ofMS 1920 compared toMS 1820 ( 17.5
GPa). In addition, B 4C has an average thermal expansion coefficient of 5.25 x 1o- 6 /°C
[18], which is lower than that ofthe ZrB 2 matrix. The thermal expansion coefficient
mismatch between B 4 C and Zr8 2 could produce residual stresses near the ZrB2-84C grain
boundaries, which could also result in microcracking and/or lower hardness values. A
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decrease of 37% in Vickers' hardness has recently been reported for conventionally
sintered ZrB2 ceramics due to the presence of residual stresses [19]. For comparison, the
measured hardness of the microwave sintered materials was nearly identical to that of
conventionally sintered materials with the same relative density. For example, the
hardness of MS 1720 was 17.5 GPa compared to 16.6 GPa for CS 1870. Hence, hardness
seems to be controlled to the presence of B 4C and relative density, but not the
densification method.
As shown in Fig. 3, the fracture toughness generally decreased as the microwave
sintering temperature increased. The MS 1630 specimen, which had 12% porosity,
exhibited the highest fracture toughness at 3.8 MPa·m 112 . Residual pores in ceramics
could function as crack arrestors [20], contributing to the increase of observed fracture
toughness [21]. Similarly, the MS 1720 specimen, with -2% porosity, had a fracture
toughness of3.2 MPa·m 112 , which was slightly higher than the fully dense specimens.
For both MS 1820 and MS 1920 specimens, which had >99% relative density, fracture
toughness values were statistically identical at 2.8 and 2.5 MPa·m 112 , respectively. Since
the average ZrB 2 matrix grain size of MS 1920 ( 15.9 f.!m) was almost three times as large
as that of MS 1820 (5.6 f.!m), the fracture toughness of microwave sintered Zr82-B4C
composites did not seem to be influenced by the matrix grain size. In addition, the 84C
particulates in the ZrB 2 matrix did not appear to enhance tougheness by crack deflection
or crack bridging, which could explain the observed low fracture toughness of the dense
composite. The measured fracture toughness values of the microwave sintered specimens
were comparable to those with the same composition produced by conventional sintering.
For example, the fracture toughness was 2.8 MPa·m 112 for both MS 1820 and CS 1870.
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4. Conclusions
Microwave sintering was successfully applied to densify a Zr8 2 -8 4C particulate
composite at moderate processing temperatures. Compared to conventional sintering,
microwave sintering promoted the densification of the composite at lower temperatures
without significant grain growth. Relative densities >98% were achieved at microwave
sintering temperatures as low as 1720°C. The ZrB 2 matrix grain size increased from 2 to
15.9 J..lm when the microwave sintering temperature increased from 1630 to 1920°C. The
composite fabricated by microwave sintering at 1820°C had a Vickers' hardness of 17.5
GPa and a fracture toughness of2.8 MPa·m 112 , which were comparable to specimens with
the same composition produced by conventional sintering. Residual stresses in the Zr8 2 B4C composite may cause the reduction in hardness. Higher fracture toughness values of
the composite were observed when residual porosity was present.
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Fig. 1. Relative density of ZrB2 -4wt%B4 C ceramic composites densified by microwave
and conventional sintering at different temperatures.
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Fig. 2. SEM images of polished cross sections of microwave sintered ZrB2 (light grey
phase) containing 4 wt% B4C (dark grey phase): (a) MS1630; (b) MS1720; (c) MS 1820;
(d) MS1920. Note that the magnification varies among the images.
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Table

Table 1. Zr8 2 matrix grain sizes in the ZrB 2 -4wt%8 4 C particulate composites densified
by microwave sintering.
Material
MS1630
MS1720
MS1820
MS1920

Average
2.0
2.0
5.6
15.9

ZrB 2 grain size (J.lm)
Standard deviation
Minimum
1.3
0.5
0.7
0.8
1.9
2.6
7.7
5.7

Maximum
7.7
4.5
12.2
33.7
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